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Abstract
Performance Enhancement of Organic Light-Emitting Diodes by Electronic Doping
David Shelhammer
Since the invention of organic light-emitting diodes (OLEDs) nearly 40 years ago,
significant effort has been put into realizing their full potential. OLEDs exhibit several properties
that make them ideal candidates for applications in displays as well as solid-state lighting: low
power consumption, high contrast ratios, mechanical flexibility, and wide viewing angles.
However, the low electrical conductivity and poor stability of organic materials remain critical
factors that limit device performance. The focus of this work is OLED performance improvement
through the introduction of novel inorganic dopants into organic charge transport layers. The
results show a significant reduction in operating voltage and increase in reliability for devices with
doped charge transport layers compared to those without. Further, with sufficiently high doping
concentrations, it is demonstrated that device structure can be dramatically simplified.
Electron-only devices (EODs) were fabricated using three different electron-transport
materials: Alq3, BPhen, and TPBi to investigate the effects of Ca doping via co-evaporation. It was
demonstrated that only the characteristics of the BPhen-based EOD were improved. The
improvement suggests facile electron transfer from the Ca dopant to the BPhen matrix due to the
low-lying LUMO level of BPhen. Despite the formation of gap states, increasing the Ca
concentration up to 11.5 wt% shows a monotonic trend of decreasing operating voltage. It was also
shown that above 4.1 wt% Ca the energy barrier between the cathode and electron-transport layer
was sufficiently reduced to allow for the removal of the LiF electron injection layer (EIL) without
any negative effect on device performance.
Blue OLEDs with and without Ca in the BPhen electron-transport layer (ETL) were

fabricated. The doped OLEDs showed lower operating voltage and higher luminance compared to
the undoped OLEDs. While the best electrical characteristics were observed when the entire ETL
was doped, it caused significant exciton quenching and reduced current efficiency. This effect was
reduced by introducing an undoped BPhen spacer between the emissive layer (EML) and doped
ETL. In both cases, current stressing showed that Ca is a stable dopant in BPhen.
CBP homojunction devices were fabricated, with the ambipolar CBP matrix material doped
p-type with MoO3 in one side, n-type with Ca in the other side, and with a BCzVBi blue emitter
in the middle EML to produce blue light emission. Both hole-only devices (HODs) and EODs
showed monotonic improvement as doping concentration increased, indicating that CBP was
successfully doped p-type and n-type. Above 10 wt% MoO3 and 6 wt% Ca, it was found that the
use of a hole-injection layer (HIL) or EIL was not necessary, allowing for a simpler device structure
free of heterointerfaces. OLEDs were fabricated using the undoped spacer layer as previously
described. The homojunction OLED showed a half-life 3 times longer than that of the
heterojunction OLED, as well as a smaller voltage increase during current stressing. These results
are attributed to localized heating in the heterojunction OLED caused by charge and exciton
accumulation at the energetically misaligned interfaces.
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1. Chapter 1 Introduction
Entering the third decade of the 21st century, it is clear to many nations, businesses, and
individuals that there is an urgent need to conserve and make better use of the limited energy
resources available on Earth. Concerns about the economic and humanitarian impacts of global
climate change have driven unprecedented interest in the generation of energy from renewable
sources and the creation of ever more energy-efficient device technologies. One fast-moving area
of research has been solid-state lighting (SSL), based on light-emitting diodes (LEDs) and organic
light-emitting diodes (OLEDs), which offer much higher efficiencies than conventional light
sources like incandescent bulbs and fluorescent lamps [1-3].
The improvement of SSL technology offers the means to significantly reduce energy
consumption. U.S. Energy Information Administration data shows that in 2020 the residential and
commercial sectors combined used 219 billion kWh of electricity for lighting alone, which
accounts for about 6% of total electricity consumption in the U.S. The most recent data on
manufacturing facilities is from 2014, when facility lighting used 55 billion kWh of electricity,
equivalent to about 1.4% of total U.S. electricity consumption at that time [4]. As of 2018, out of
all types of lighting equipment used in commercial buildings in the U.S., only LEDs saw increased
use since 2012 [5] while all other bulb types decreased in usage. Already it is estimated that this
change has reduced electricity use by billions of kWh and avoided tens of millions of tons of CO2
emission from older, less-efficient lighting technology. This dramatic shift is illustrated in Figure
1.1.
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Figure 1.1 Change in the type of lighting technology utilized by commercial buildings from 2012 to 2018
according to the U.S. Energy Information Administration [5].

Taking a broader look, according to the U.S. Department of Energy lighting accounts for
15% of all electricity consumption worldwide and 5% of greenhouse gas emissions worldwide [6].
By 2030, projections for population growth and population shifts from rural to urban areas are
expected to cause the demand for lighting to rise by 50%. Continued improvements in lighting
technology can thus be considered crucial to the international effort to combat climate change.
OLED technology is newer than traditional LEDs, and is an increasingly important
component of SSL research and development. OLED research has expanded significantly in both
academia and industry over the last two decades, with more than 14,000 journal article publications
and 13,000 patents submitted [7]. Figure 1.2 shows this trend over time.
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Figure 1.2 Academic journal publications and industrial patents involving OLEDs between 2000 and
2020 [7].

Many OLED devices have already been successfully brought to market, and many
companies continue to try to commercialize the technology in various consumer display
applications due to its desirable properties [8-10]. Even so, there remain challenges to overcome
in order to realize the full potential of the technology. This work focuses on the improvement of
OLED performance through the use of inorganic dopants in organic charge transport materials.

1.1 Key Developments in OLED Technology
An OLED is an LED in which the emissive layer is a film of organic compounds that emits
light in response to an electric current. This form of light emission is known as electroluminescence
(EL). OLEDs are semiconductor junction devices, and can broadly be classed as being based on
either small-molecule or polymeric semiconducting materials. Small-molecule OLEDs generally
3

have more complex structures and must be fabricated via vacuum deposition using solid precursor
materials while polymer OLEDs are generally simpler in structure and can be fabricated via
solution or inkjet printing.
The first demonstration of electroluminescence from organic materials was reported in
1963 [11]. Pope, Kallmann, and Magnante produced 10-20 µm thick anthracene crystals via
sublimation and solution preparation. Applying a bias of ~400 V across the layer produced direct
current EL. In 1965, Helfrich and Schneider demonstrated EL in crystalline anthracene via double
injection [12]. Vincett et al. were the first to demonstrate EL in vacuum deposited thin films of
anthracene, as well as significantly reduced operating voltages of ~30 V in normal room lighting
and ~12 V in a dark room [13]. Despite these advances, the devices had extremely low external
quantum efficiencies (EQEs) of 0.03-0.06%.
The first efficient, low-voltage, small-molecule OLED was reported in 1987 by Tang and
Van Slyke [14]. They used vacuum thermal evaporation to deposit an organic thin film bilayer of
diamine and Tris(8-hydroxyquinolinato)aluminum (Alq3). Using an indium tin oxide (ITO) anode
and Mg:Ag cathode allowed for efficient carrier injection at both ends. The results constituted an
enormous breakthrough in organic optoelectronics, with an EQE of 1% and luminous efficacy as
high as 1.5 lm/W as well as a brightness of 1000 cd/m2 when driven at less than 10 V. Kido et al.
demonstrated the first white OLED consisting of vacuum deposited organic thin films in 1995
[15]. Three organic emitter layers were vertically stacked, with one layer each emitting red, green,
and blue light to produce white. They reported greater than 2000 cd/m2 brightness, approaching
the brightness of contemporary fluorescent white lamps, at driving voltages of 15-16 V.
Baldo et al. first demonstrated high-efficiency phosphorescent OLEDs in 1998 [16]. The
key improvement was moving beyond the well-established practice of introducing a fluorescent
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dye to the emissive layer to improve efficiency, and instead introducing a phosphorescent dye.
They realized that fluorescent emission is induced by singlet spin states, which only represent
~25% of the total population of excited states, while the remaining triplet states would not
contribute. They demonstrated that phosphorescent dyes allow for improved light emission
efficiencies by allowing both singlet and triplet electron states to contribute to the total light
emission from the device. Their red emitting devices exhibited ~90% energy transfer efficiency
from the host to the dye via excitons, from both singlet and triplet states. This resulted in a peak
internal quantum efficiency (IQE) of 23% and a peak EQE of 4%. Compared to other commonly
used compounds with saturated red emission, their reported quantum and power efficiencies
represented an improvement of at least one order of magnitude.
The first commercial luminaire utilizing OLEDs was released by OSRAM in 2008 [17].
The €25,000 Early Future lamp, of which only 25 were made, consisted of 10 white OLED panels
with a luminous efficacy of 20 lm/W, 1000 cd/m2 brightness, and 2,000-hour operating lifetime.
In 2009 Philips introduced the first commercially available white OLED lighting panel,
Lumiblade. These panels debuted with a luminous efficacy up to 20 lm/W and 1000 cd/m2
brightness, as well as an operating lifetime of 10,000 hours.

1.2 Advantages and Applications of OLED Technology
OLEDs offer several advantages when compared to more traditional solid-state lighting
and display technologies. While inorganic LEDs require epitaxial crystalline layers, OLEDs can
be fabricated based on amorphous thin films with much simpler growth and fabrication processes.
The appearance of the emitted light also differs as the point source emission from LEDs requires
the use of diffusers, lenses, or other apparatuses while OLEDs emit more diffusely and uniformly
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over the entire emissive layer’s surface area. This softer, glare reducing emission from OLEDs is
generally more suitable for ambient lighting applications.
OLEDs can be produced to be significantly thinner and lighter than LEDs, making them
ideal for mobile applications. Coupled with the use of flexible transparent substrates, OLEDs allow
for new and interesting product designs that would not be possible with LEDs. OLEDs also
compare favorably to contemporary liquid crystal display (LCD) and LED displays in terms of
performance. OLED displays can offer faster response times and wider viewing angles.
Additionally, images on OLED displays can be presented with more fully saturated colors and
significantly higher contrast ratios, thanks in part to the possibility of true black in OLED displays.
Commercially available applications include flexible, even foldable, cell phones, as seen in Figure
1.3, and curved televisions as seen in Figure 1.4.

Figure 1.3 A photograph of the Samsung Galaxy Z Fold3 5G foldable cell phone, which utilizes a
flexible OLED display. Photo from [18].
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Figure 1.4 A photograph of the 55” Samsung KN55S9C curved OLED television. Photo taken from [19].

Finally, OLEDs have the potential to be far more cost effective than LCD or LED displays.
OLED production requires fewer steps in the growth and processing stages, and the full
manufacturing process is less equipment and material intensive. As the OLED manufacturing
industry grows and matures, the total production cost is expected to decline further by bringing
large scale fabrication capabilities online and improving yields.

1.3 Remaining Challenges for OLED Technology
There remain three key areas in which OLEDs lag traditional solid-state lighting and
display technologies: device lifetime, efficiency, and production cost. OLEDs currently exhibit
useful lifetimes between 30-50% as long as comparable LCDs and LED displays. As of 2018,
white OLED panels could be found with L70s of 30,000 hours compared to 50,000 hours or more
7

for LEDs [20-21]. Currently, OLEDs are also less efficient, with a maximum luminous efficacy of
150 lm/W for white OLED panels compared to 240 lm/W for white LEDs. However, cost is the
biggest difference between current LED and OLED lighting products, with white LEDs coming in
at a cost of $4.50/klm while white OLED panels cost ~$100/klm. Even so, it is expected that OLED
manufacturing costs can be significantly reduced by increasing the scale of device production. The
comparisons of these key aspects of white OLEDs with LEDs, incandescent and fluorescent
lighting sources are summarized in Table 1.1.

Max Efficacy (lm/W)
Lifetime
(1,000 hrs)
Cost
($/klm)

Incandescent

Fluorescent

LED

OLED

17

90

240

150

1

20

50 (L70)

30 (L70)

0.7

3

4.5

~100

Table 1.1 Comparison of white lighting sources. Adapted from [21].

1.4 Dissertation Outline
The motivation behind this work is to achieve simpler and cheaper fabrication which
produces more efficient, more reliable OLEDs by improving charge transport layer conductivity
via electronic doping.
This dissertation is organized as follows:
Chapter 2 discusses the basic structure and operating principle of OLEDs, as well as the doping of
organic transport materials. Inorganic semiconductors are briefly discussed as a point of
comparison.
Chapter 3 investigates the use of Ca as an n-type dopant in three organic electron transport
8

materials: BPhen, TPBi, and Alq3. The n-type doping mechanism is discussed, as well as its effects
on electrical characteristics, luminance, and reliability.
Chapter 4 expands upon the results from Chapter 3 by incorporating a Ca-doped BPhen electron
transport layer into a full bottom-emitting OLED. The performance of four OLEDs with varying
fractions of their ETLs doped with 4.1 wt% Ca is analyzed and discussed.
Chapter 5 investigates the use of MoO3 and Ca as dopants in ambipolar 4,4-N, Ndicarbazolylbiphenyl (CBP) to produce much improved single-carrier devices (hole-only and
electron-only, respectively). P-i-n homojunction blue fluorescent bottom-emitting OLEDs
composed of a single CBP layer with MoO3 and Ca-doped charge transport regions are
characterized, and the benefits of the greatly simplified device structure are discussed.

9

2. Chapter 2 Operating Principle and Doping Mechanism of OLEDs

2.1 Organic Semiconductors
There are many similarities between the behavior of organic and inorganic semiconductors.
As the differences arise primarily due to the peculiarities of organic materials, these will be
separated from the discussion of general semiconductor characteristics.
Many atoms brought close together and arranged in a regularly repeating pattern form a
crystalline structure exhibiting long-range order. One consequence of arranging atoms in this way
is that the electrons’ wave functions will overlap, causing the discrete atomic energy levels to split
according to the Pauli exclusion principle. Applying this process to a large number of atoms results
in the formation of energy bands, as seen in Figure 2.1. Though not continuous, the energy levels
within these bands have such minimal separation (~10-22 eV) that they can be considered a
continuum of levels separated by a band gap [22].

Figure 2.1 As many atoms are brought in close proximity in a crystalline structure, energy levels form
energy bands.
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The energy band below the band gap, known as the valence band (VB), is filled with
electrons in a semiconductor. The higher energy band is known as the conduction band (CB), and
is empty at 0 K. Above 0 K, the relatively small band gaps of semiconductors allow for the thermal
excitation of electrons from the VB into the CB according to the Fermi-Dirac distribution:
1

𝑓(𝐸) = 𝑒 (𝐸−𝐸𝐹 )/𝑘𝐵 𝑇 +1.
Intentional impurities with energy levels within a semiconductor’s band gap, known as dopants,
can be added to introduce additional charge carriers into a semiconductor in a controlled way.
While there are numerous methods of introducing these impurities, in general this process is
referred to as “doping.” Doping a semiconductor n-type introduces more electrons, while doping
a semiconductor p-type introduces more holes. Figure 2.2 shows the effect of doping on a model
semiconductor using energy band diagrams.

Figure 2.2 Energy band diagrams showing the effects of a) no doping, b) n-type doping, and c) p-type
doping on the Fermi level of a model semiconductor.

Organic semiconductors differ from conventional inorganic semiconductors in ways that
significantly affect electrical and photonic properties. Rather than covalent or ionic bonding,
organic molecules primarily interact via the weaker Van der Waals forces [23]. Additionally, while
11

conventional inorganic semiconductors require the use of highly crystalline material, modern
organic semiconductor devices are based on amorphous thin films. Since the interactions between
molecules are weaker, organic semiconductors lack long-range order and do not generally exhibit
continuous, well-defined band structures. While charge carrier dynamics in inorganic
semiconductors are largely dependent upon the crystal lattice’s structure, in organic
semiconductors the structure and properties of the individual organic molecules play a much larger
role. In fact, organic semiconductors behave more like atomic systems, with charge carriers
moving between discrete energy states. This indicates that organic semiconductors do not exhibit
the band or ballistic charge carrier transport seen in inorganic semiconductors, instead relying
primarily on hopping. Molecular energy levels in organic semiconductors are determined by the
π-orbital overlap between adjacent atoms which form bonding and anti-bonding energy states, as
seen in Figure 2.3.

Figure 2.3 (a) Molecular orbital states formed by two atomic orbitals brought into proximity. (b)
Molecular states filled with electrons according to the Pauli exclusion principle define the HOMO and
LUMO levels. Adapted from [23].

The energy levels which allow for the closest comparison to inorganic semiconductors are
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
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(LUMO), pictured in Figure 2.3b, which respectively correspond to the VB and CB for inorganic
semiconductors. These states will fill with electrons according to the Pauli exclusion principle.

2.2 Basic OLED Architecture
Modern OLEDs typically consist of a stack of organic thin film layers sandwiched between
an anode for hole injection and a cathode for electron injection. A generalized schematic of such
an OLED is presented in Figure 2.4.

Figure 2.4 A general schematic showing the layer structure of a bottom-emitting OLED.

The substrate is usually glass or plastic, often with some type of patterning applied. The
anode is made from a transparent material to allow for light to be transmitted. Transparent
conductive oxides are frequently used as the anode layer, with indium tin oxide (ITO) being the
most common. The cathode layer is typically composed of a low work function metal such as Al,
Ca, or Ag.
The carrier injection layers act to reduce the energy barrier that charge carriers must
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overcome to be injected into the device from the corresponding electrode. Typical hole injection
materials include transition metal oxides like WO3 and MoO3 [24-27]. Common electron injection
materials include LiF and CsF, although organic materials like 8-hydroxy-quinolinato lithium (Liq)
are preferred in some cases for the much lower deposition temperatures [28-30]. Alternatively,
these layers can be used to confine charge carriers of the opposite type, in which case they may be
referred to as “carrier blocking layers.”
The charge carrier transport layers, one for electron transport (ETL) and one for hole
transport (HTL), are conductive organic films used to efficiently transport the respective charge
carriers to the emissive layer. The materials used for these layers are selected to maximize electron
and hole mobility, µe and µh, respectively. Common electron transport materials include tris-(8hydroxychinoline) aluminum (Alq3) and 4,7-diphenyl-1,10-phenanthroline (TPBi) [31-32].
Common hole transport materials include N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)-2,2'dimethylbenzidine (NPB) and 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) [33]. 4,4′Bis(N-carbazolyl)-1,1′-biphenyl (CBP) is an example of an ambipolar material which can be used
for either electron or hole transport [34].
The emissive layer (EML), where the transported electrons and holes recombine to produce
light, may employ a single emissive material or a host material along with a dopant. In the latter
case, called a host-guest system, the dopant material generally determines the wavelength of the
emitted light while the host material is selected for its efficient energy transfer or favorable exciton
behavior [35-37]. The ratio of host to dopant molecules can be tuned to control the electrical and
luminescent properties of the EML as needed. Though more complex to fabricate, the advantage
of using a host-guest system is that it provides two primary avenues for electron-hole
recombination. The primary emission mechanism involves charge carrier migration into the EML,
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after which an exciton forms on the host matrix. Energy is then transferred to the more efficient
dopant emitter, which then produces a photon at the corresponding wavelength. Alternatively, an
electron or hole may become trapped on a dopant molecule. Recombination then occurs on the
emitter molecule directly [38].
There have been many OLED architectures reported in literature [39]. Several of the most
common include:
1. Bottom-emitting OLEDs (BEOLEDs)
Bottom-emitting is perhaps the most conventional and widely used OLED architecture. As
pictured in Figure 2.5, light generated in the EML is emitted through the transparent or semitransparent substrate and bottom electrode. The cathode material reflects much of the emitted light
back through the organic layers and through the bottom side of the device.

Figure 2.5 Schematic diagram illustrating the structure and emission direction of a BEOLED [39].

Because the glass substrate’s refractive index (n ~ 1.5) is lower than the refractive indices
of the ITO and organic layers (typically 1.6 < n < 2.0), and the glass substrate is approximately
one order of magnitude thicker than the ITO and organic layers combined, classical optics
approximates the energy conversion efficiency limit as
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𝜂𝐸 ~

1
2
2𝑛𝑜𝑟𝑔

,

where 𝑛𝑜𝑟𝑔 is the refractive index of the EML material, due to the waveguiding in the device
layers. For a typical EML material like Alq3, 𝜂𝐸 ≈ 17% [39-40]. Moving beyond this
approximation, we can treat the ITO and organic layers like a Fabry-Perot cavity since the
combined thickness approximates the wavelength of light in the visible spectrum (400-750 nm)
[41]:
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(𝜆)|2 is the output intensity as a function of wavelength, |𝐸𝑖𝑛 (𝜆)|2 is the free space
where |𝐸𝑜𝑢𝑡

electroluminescent intensity as a function of wavelength, 𝑥 is the effective distance between the
reflective cathode and the exciton recombination zone, 𝑅1 is the reflectivity of the cathode, 𝑅2
and 𝑇2 are the reflectivity and transmittivity of the ITO, and 𝐿 is the total optical length (the total
thickness of the anode, all organic layers, and the cathode). Once the 𝑅 and 𝑇 values have been
fixed by the selection of electrode materials, 𝑥 and 𝐿, which has a dependence of 𝑥, can be
adjusted by tuning the ETL, HTL, and ITO thickness to optimize output intensity.
2. Top-emitting OLEDs (TEOLEDs)
Top-emitting OLEDs utilize a transparent or semi-transparent top electrode to allow for
light emission through it, as can be seen in Figure 2.6. TEOLEDs are more suited for applications
involving an active matrix (AMOLED) since it is easier to use with a non-transparent transistor
backplane than it is to use BEOLEDs [42].
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Figure 2.6 Schematic diagram illustrating the structure and emission direction of a TEOLED [39].

TEOLEDs allow for better light extraction efficiency than BEOLEDs with the same
organic layers because the glass substrate mode is removed. However, this architecture does suffer
from some unique material and fabrication issues. For example, an ideal anode material would
have a high work function. Au meets this criterion, but is not suitable for all colors because its
strong blue light absorption produces a more yellow emission. Ti also has a suitably high work
function, but its poor conductivity and strong optical absorption mean it is not well suited as an
anode or a reflector. A reasonable alternative is an oxidized Ag thin film, which offers a relatively
high work function without such poor electrical and optical properties.
For the cathode ITO at first seems to be a suitable choice due to its high transparency; a
100 nm thick layer of ITO shows above 80% transparency in the visible spectrum [43]. Unlike
ITO in BEOLEDs, however, for TEOLEDs ITO must be deposited on top of the organic layers.
This is typically done via sputtering, during which ion bombardment is likely to damage the
underlying organic layers. This can be partially counteracted by using a lower deposition rate at
the expense of increasing device fabrication time. ITO’s high work function means it is not wellsuited for electron injection, so an EIL is often deposited first to improve electron injection
efficiency and protect the organic layers beneath. Metallic thin films such as Ag, Sm, and Ca/Mg
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are attractive alternatives because they are better suited to electron injection and offer reflectivity
~100x that of ITO. Because of this fact, a metallic thin film cathode can be ~1/100th the thickness
of an equivalent ITO cathode with no loss of function. This increase in reflectivity also cause the
OLED to exhibit a stronger microcavity effect (a resonance of the light electric-field irradiance
distribution inside the OLED due to the multiple internal reflections typical of Fabry-Perot filters)
[44]. The phase condition for producing resonance peaks is
𝜙𝑎𝑛𝑜𝑑𝑒 + 𝜙𝑐𝑎𝑡ℎ𝑜𝑑𝑒 2𝜋𝐿𝑐𝑜𝑠(𝜃)
−
= 𝑚𝜋,
2
𝜆
where 𝜙𝑎𝑛𝑜𝑑𝑒 and 𝜙𝑐𝑎𝑡ℎ𝑜𝑑𝑒 are the phase changes induced upon internal reflection from the
anode and cathode respectively, 𝜃 is the angle of the emitted beam measured from inside the
EML, and 𝑚 is an integer. A weak microcavity effect is typically found in OLEDs, but when
accentuated this effect causes the emission luminance and spectrum of TEOLEDs to change
drastically depending on the viewing angle; while the luminance in the normal direction (𝜃 =
90𝑜 ) may be much higher than in BEOLEDs, for many applications these angular
inconsistencies are not acceptable. This undesirable effect can be mitigated by depositing an
additional dielectric layer on top of the metallic thin film to tune the transmission, reflectivity,
and cathode cavity length to optimize the optical intensity at a desired wavelength [45].
3. Transparent OLEDs (TOLEDs)
Transparent OLEDs, as seen in Figure 2.7, sandwich the organic layers between two
transparent or semi-transparent electrodes in addition to using a transparent or semi-transparent
substrate. This architecture is preferred for applications like augmented reality, heads-up displays,
smart windows, and displays for people with low vision. The high contrast of TOLEDs also make
them easier to see in bright sunlight [46-47]. Since neither electrode is highly reflective, the cavity
effect is particularly weak in TOLEDs.
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The material and fabrication problems that affect TEOLEDs also affect TOLEDs, since
both electrodes must be highly transparent. In the case of TOLEDs, the buffer layer used to protect
the organic materials during ITO sputtering must be highly transparent in the visible spectrum
rather than reflective [43]. The first TOLED utilized a semitransparent Mg-Ag alloy thin film as a
buffer but demonstrated a clear trade-off between good transparency and good sputtering
protection [48]. Transparency was shown to fall exponentially with buffer layer thickness,
producing an overall device transparency of only ~40%. 70% total transmittance is generally
considered to be the minimum acceptable value for transparent displays in applications like car
windshields for safety. Transition metal oxides show greater promise, e.g. a 60 nm thick WO3
buffer layer produced an OLED with higher than 78% transmittance in the visible spectrum [49].
Organic buffer layers have found greater success owing to higher transparency in the
visible spectrum. 30-60 Å thick copper- phthalocyanine buffer layers were first utilized in 1998,
producing a conventional BEOLED with 85% transparency. A thorough study of metal
acetylacetonate complexes showed that a 40 nm Ni(acac)2 buffer layer provides good protection
with almost no absorption in the visible spectrum [50]. The best reported device had a
transmittance of ~90%.
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Figure 2.7 Schematic diagram illustrating the structure and emission direction of a TOLED [39].

TOLEDs also face an additional obstacle which is unique to this architecture. Since OLEDs
of all types must be driven by current, the driving circuit occupies a relatively large portion of the
pixel area. Conventional silicon-based driver electronics severely limit the overall transmittance
due to the high optical absorption in the visible spectrum [43]. Early attempts using α-Si thin-film
transistors (TFTs) and TOLEDs produced devices with a transmittivity of only ~20% [51]. Lowtemperature polycrystalline silicon (LTPS) produced slightly better results with 38% transmissivity
[52]. More transparent TFTs have been demonstrated using metal oxide semiconductors which
provide a transmittivity of greater than 80% across the full visible spectrum [52-53]. One material
commonly used for this purpose is Indium Gallium Zinc Oxide (IGZO).
4. Tandem OLEDs
Tandem OLEDs are made by stacking complete, independent OLED units on top of one
another. Electrically, the devices are connected in series. This allows one pair of injected charge
carriers to potentially generate multiple photons within the same stack instead of one at most,
which drives up the current efficiency. This typically leads to longer useful lifetimes than can be
seen in conventional devices [54-55]. If a transparent or semitransparent electrode is used, the
cavities may exhibit coupling effects within the device which require more complex designs to
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mitigate [39]. Emitter materials must also be selected such that one layer does not exhibit
significant optical absorption in the emission range of a preceding layer (e.g., higher energy blue
light emission would be largely absorbed by a lower band gap green emitter). Figure 2.8 shows an
example 2-stack tandem OLED.

Figure 2.8 Schematic diagram illustrating the structure and emission direction of a tandem OLED [39].

2.3 OLED Operating Principle
OLEDs operate under forward bias, such that the anode is positive with respect to the
cathode, which allows for hole injection at the anode and electron injection at the cathode.
Electrons flow through the device toward the anode while holes flow toward the cathode. The
charge carriers are transported across the respective transport layers due to the applied electric
field, with electrons being injected into the LUMO of the ETL and holes being injected into the
HOMO of the HTL. The charge carriers are then confined within the EML, with some electronhole pairs forming excitons, a bound state of one electron and one hole. A portion of these excitons
will then recombine radiatively, emitting a photon with an energy determined by the HOMOLUMO gap of the emissive material. This highly idealized situation can be seen in Figure 2.9.
Broadly speaking, there are three processes at work that control OLED electroluminescence:
charge carrier injection, charge carrier transport, and charge carrier recombination.
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Figure 2.9 An energy band diagram which shows the conduction of electrons from the cathode, and holes
from the anode, under forward bias. Carriers are transported to the emissive layer (EML), where
recombination occurs.

Both electrons and holes are fermions and therefore have half-integer spin values, which
allows an exciton to exist in either a singlet (anti-symmetrical spin) or triplet (symmetrical spin)
quantum state. Singlet excitons are formed when the transition electron does not undergo spin
inversion and binds to a hole, producing an exciton with a spin quantum number 𝑠 = 0. Triplet
excitons are formed when the transition electron does undergo spin inversion before binding to a
hole, producing an exciton with a spin quantum number 𝑠 = 1. The triplet state is so named
because of its higher spin multiplicity with three spin sublevels: the ground state 𝑚𝑆 = 0 and the
degenerate states 𝑚𝑆 = ±1 (for spherical molecular symmetry) [56].
The formation of triplet states is rare in the absence of chemical or photo-excitation because
it is dependent upon the decoupling of electron spins. This decoupling requires a degree of spin-
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orbit coupling, when the magnetic field created by the orbital motion of two electrons (in this case
one free and one bound to the organic molecule) interacts with the spin magnetic moments. This
causes inter-system crossing (ISC), which leads to a triplet state. The degree of spin-orbit coupling
is directly proportional to nuclear charge, and thus tends to be weak in organic molecules which
are largely composed of lighter atoms like C, N, and O; as a result, ISC is a relatively slow process.
To improve spin-orbit coupling and encourage ISC, metal complexes containing heavy atoms like
Ru or Ir can be made [57].
Relaxation from the singlet state, known as fluorescence, occurs quickly (~1 - 100 ns).
Relaxation from the triplet state, known as phosphorescence, takes much longer (~10-4 – 10-1 s)
because this process is spin-forbidden in accordance with the Pauli exclusion principle [56]. The
transition can occur despite being heavily disfavored kinetically, resulting in the observed longer
emission time. A simplified schematic representation of the fluorescence and phosphorescence
processes can be seen in Figure 2.10 [58].

Figure 2.10 Schematic of the first excited singlet (S1) and tripled (T1) excited states. (a) shows these
states relative to the molecular orbital levels with a representative spin configuration. (b) shows these
states relative to the ground state energy S0. The possible radiative decay paths are indicated with solid
lines while non-radiative decay paths are indicated with dotted lines. Adapted from [58].
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2.4 Doping of Organic Semiconductors
As with inorganic semiconductors, the underlying principle of doping organic
semiconductors is that incorporating an electron donor or electron acceptor material into an organic
matrix will transfer respective carriers to the host material. Introducing dopants into an organic
matrix material improves the carrier concentration, and thus the electrical conductivity, of the
carrier transport layers, and has the additional benefit of reducing the energy barrier between the
carrier transport layers and the electrodes to allow for more efficient charge injection.
Effective n-type doping, which is the focus of this work, requires a low work function
material which can easily transfer electrons to the host LUMO. A dopant with a Fermi level higher
than the LUMO of the organic semiconductor host must be used. A basic energy level diagram
exhibiting the charge transfer process in an n-type doping scenario can be seen in Figure 2.11.

Figure 2.11 An energy band diagram showing the charge transfer process for n-type doping of an organic
semiconductor.
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Additionally, charge carrier injection can be improved via doping of the transport layers
[59]. For simplicity, consider an OLED which does not make use of an EIL. When the metal
cathode and organic semiconductor layer are brought together, thermal equilibrium requires that
they must share a common Fermi energy and, as for inorganic semiconductor-metal contacts, a
Schottky barrier is formed. To inject electrons from the metal cathode into the ETL a positive
voltage must be applied to overcome this energy barrier at the interface of the two materials. In
the case of an undoped ETL, this barrier is too large to allow for significant electron tunneling,
therefore charge injection is best modeled as Richardson-Schottky thermionic emission [23].
Using a one-dimensional model,
𝐽𝑡ℎ = 𝐴∗ 𝑇 2 exp (

−𝐸𝑏
)
𝜂𝑘𝐵 𝑇

is the thermionic emission current density, where 𝐴∗ is Richardson’s constant, 𝐸𝑏 is the interfacial
energy barrier, and 𝜂 is the ideality factor (typically taken to be from 1-2 for semiconductors).
Further,
𝐸𝑏 = 𝜙𝐵 − √

𝑞|𝐹(0)|
4𝜋𝜖

,

where 𝜙𝐵 is the Schottky energy barrier at zero electric field and |𝐹(0)| is the electric field at the
interface. The Schottky energy barrier height at zero field is simply
𝜙𝐵 = 𝜙𝑀 − 𝜒,
where 𝜙𝑀 is the metal work function and 𝜒 is the electron affinity, the difference between the
vacuum and LUMO energy levels in organic semiconductors. From this one can conclude that a
reduction in energy barrier height is highly desirable because it would lead to a significant increase
in thermionic current density [60]. This predicted behavior has been confirmed in OLEDs, with
barrier height reduction at the cathode-ETL interface resulting from n-type doping, the addition of
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an EIL, or a combination of both due to an upward shift of the Fermi level toward the LUMO level
[59, 61-67].
The Fermi level shift can be detected via ultraviolet photoelectron spectroscopy (UPS)
and/or x-ray photoelectron spectroscopy (XPS) [68-69]. XPS and UPS are common spectroscopic
techniques used to identify and quantify the elemental composition of solid surfaces [70]. A beam
of high-energy photons is focused on a sample. Perfect energy transfer occurs due to the lack of
mass and charge in each photon and, if the energy is sufficiently high, this results in a bound
electron being ejected from the solid. The remaining kinetic energy of the electron is then
measured. This kinetic energy is discrete and a function of the binding energy, which is specific to
each element and chemical environment.
Wei et al. used both UPS and XPS to study the role of CsF as an n-type dopant in an Alq3
ETL [22]. The UPS results in Figure 2.12(a) show the shift of the Fermi level relative to the HOMO
level as the doping concentration increases, with a gap state emerging and becoming more
pronounced above 5 wt%. They then extracted the absolute energy shifts of the work function and
HOMO edge relative to the Fermi, which is shown in Figure 2.12(b). The HOMO edge shifts from
~1.9 eV below the Fermi level to ~2.8 eV below it, with the work function exhibiting a decrease
from 3.7 eV to 2.7 eV. Taken together, these shifts demonstrate clearly that the Fermi level moved
towards the LUMO level, indicating a reduction in the electron injection barrier and an increase in
electron density. Figure 2.12(c) shows that the ionization potential (IP), the difference between the
HOMO and vacuum energy levels, remains nearly constant as the concentration of CsF varies.
This confirms that the Fermi level moves within the HOMO-LUMO gap, as opposed to all the
energy levels rigidly shifting up or down together.

26

Figure 2.12 (a) UPS spectra of the HOMO region of 10 nm CsF-doped Alq3 films at varying
concentrations. (b) Absolute energy level shifts of the work function and HOMO edge relative to EF as a
function of CsF doping ratios in CsF-doped Alq3. (c) Absolute energy level shift of the ionization
potential relative to EF. The solid lines are fits of the data. Adapted from [69].

Further, n-type doping causes both the HOMO and LUMO levels to undergo band bending
toward the Fermi level just as in doped inorganic semiconductors [59]. If the work function of the
metal cathode is larger than that of the semiconductor, electrons will flow from the semiconductor
to the metal until the Fermi levels are aligned. Under equilibrium conditions the metal near the
interface will have a small negative charge, while the semiconductor near the interface will have a
slight positive charge due to electrostatic induction. The electric field cannot be screened
effectively due to the lower carrier concentration in an undoped semiconductor, which causes the
free charge carrier concentration near the interface to be lower than it is in the bulk. In n-type
semiconductors electrons are depleted in this region, and it is therefore called the depletion layer
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and shows an excess of positive charge compared to the bulk. In this layer the energy bands of the
semiconductor shift continuously due to the electric field across the interface, which is known is
band bending. Because ϕm > ϕs the bands bend downwards as distance from the interface increases
due to the repulsion of electrons by the negatively charged layer in the metal, which increases the
potential energy as they approach the interface [71]. The Fermi level equilibration and resulting
band bending can be seen in Figure 2.13.

Figure 2.13 Energy band diagrams of a metal/n-type semiconductor contact. Here Evac is the vacuum
energy, ϕm is the metal work function, ϕs is the semiconductor work function, ϕSB is the Schottky barrier,
and χs is the electron affinity of the semiconductor. Adapted from [71].

The opposite direction of band bending can be found in p-type semiconductors when ϕm <
ϕs. Since the work function of the metal is smaller, there will be a net electron flow from the metal
to the semiconductor until the Fermi levels align. This leaves the metal near the interface with a
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small negative charge, while the semiconductor near the interface has a small positive charge. In
the depletion region of p-type semiconductors holes are the depleted carrier type, therefore the
depletion region shows an excess of negative charge compared to the bulk semiconductor. The
energy bands shift continuously within the band, in this case bending up as distance from the
interface increases due to the attraction of electrons to the positively charged layer in the metal.
The width of the depletion layer at the interface has been found to be inversely related to
donor density in the ETL, and can be reduced to less than 5 nm at sufficiently high doping levels
[72]. This results in an increased probability of electrons tunneling across the interface into the
organic layer and decreases the voltage drop observed at the interface. This change is summarized
in Figure 2.14.

Figure 2.14 Energy diagram showing improved electron injection via tunneling at a metal-organic
semiconductor interface when the organic layer is doped n-type. Adapted from [59].

2.5 Fabrication of OLEDs
OLED fabrication differs drastically depending on the type of OLED being produced.
Polymer OLEDs (PLEDs), based on large organic molecules, generally utilize solution-based
techniques more applicable for large-area substrates. Small-molecule OLEDs (SMOLEDs) are
generally fabricated using vacuum thermal evaporation (VTE), though there are reports of
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experimentation with other techniques [32, 73].
The use of solution-based fabrication and processing has been suggested as one means of
improving the cost competitiveness of commercial OLED-based products. Not only are solutionbased techniques more suited for use with modern large-area substrates and batch production, but
the manufacturing facilities require much lower initial capital investment when compared to
facilities used for VTE-based fabrication. Further, depending on the application and device
structure, material costs may be significantly lower due to the increased waste seen in VTE [7477].
Solution-based techniques like spin coating require careful annealing, which may be
problematic for organic materials with low glass transition temperatures and introduces another
step in the fabrication process. These techniques may not be compatible with all materials since
each organic material, or mixture of materials, requires the use of a non-destructive solvent, or
“ink,” to deliver the material to the substrate; this is further complicated in multilayer devices since
each subsequent solvent must not damage the material being deposited or any of the previously
deposited materials. Solution-based fabrication also generally produces organic layers that are less
dense and exhibit higher surface roughness than VTE-deposited layers [78-80]. Laboratory-scale
samples and small devices are generally prepared using spin coating, which will be discussed in
greater detail below, while commercial-scale production utilizes techniques like inkjet printing
[81], flexographic printing [82], Gravure-offset or reverse Gravure-offset printing [83], and screen
printing [84]. All these methods share several common factors that make them useable at that scale:
they deliver pure or mixed organic materials at high ink throughput rates, they allow for relatively
high-resolution lateral features or patterning, and they allow for printing layers on top of one
another.
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Spin coating is a common laboratory technique used to produce uniform thin films from 1
µm – 1 nm in thickness since the 1950s. The substrate is first mounted on a rotatable chuck. In
static spin coating the substrate is rotated once the solution is cast onto it, while in dynamic spin
coating the substrate is rotated during deposition. With the substrate rotating usually above 600
rpm, the liquid on top is driven radially outward. The viscosity and surface tension of the liquid
produce relatively flat deposition onto the substrate surface. The volatile liquid is allowed to
evaporate, leaving behind a solid thin film [85]. A schematic diagram illustrating this process can
be seen in Figure 2.15.

Figure 2.15 The stages of thin film deposition via the spin coating process [86].

Many parameters affect the final layer thickness, and many attempts have been made to
quantify and generalize these effects [87-91]. For the purposes of this summary, it is sufficient to
say that the trend is illustrated by
ℎ𝑓 ∝

1
√𝜔

,

where ℎ𝑓 is the final film thickness and 𝜔 is angular velocity. More empirically, one can use
ℎ𝑓 = 𝐴𝜔−𝐵 ,
where A and B are experimentally calculated parameters. B is generally between 0.4 and 0.7 [85,
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92]. As spin speed increases the thickness of the spin coated film decreases in either
approximation.
VTE as a deposition method has been known since at least 1912, although it only came
into common usage after the 1930s once vacuum materials and techniques had been developed to
handle the high radiant-heat loads involved [93-94]. VTE produces OLEDs with better efficiency
and lifetime performance, and is a more mature manufacturing method [95]. The source materials
are first loaded into resistive crucibles held between a cathode and anode by a conductive wire
basket inside a vacuum chamber. The crucibles are typically made of metals like tungsten or
molybdenum, and may be coated with a ceramic material to ensure compatibility with the source
material. It is necessary to ensure that there is a large melting point differential between the
container and the source material, and that the container has low solubility in the source material
to minimize contamination. VTE is only limited to source materials that sublimate at achievable
temperatures and pressures inside the vacuum chamber, though it is important that the source
materials have high purity. It is generally preferred for laboratory-scale devices because it allows
for fabrication in a highly controlled environment. Oxygen and water vapor contamination can
greatly reduce device performance, and the thin organic layers are highly susceptible to even
PM2.5 and PM1 particulate contamination which can cause shorting [96- 100].
The vacuum chamber is pumped down to high vacuum condition, typically ~10-7 Torr or
lower. A direct current is then applied to the material holder, ranging from a few ~10 A to more
than 100 A depending on the source material. The material temperature rises due to joule heating,
which causes it to sublimate. The evaporation rate in vacuum is described by the Hertz-Knudsen
equation,
𝐽=

𝛼𝑀𝐴(𝑃 ′ −𝑃)
√2𝜋𝑀𝑅𝑇
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,

where 𝐽 is the evaporation rate in kg/s, 𝐴 is the surface area, 𝛼 is the sticking coefficient for gas
molecules onto the substrate surface, 𝑃′ is the vapor pressure, 𝑃 is the partial pressure in gas
mixture, 𝑀 is the molecular weight of the organic molecule in kg/mol, 𝑇 is temperature, and 𝑅 is
𝐽

the gas constant 8.3143 𝑚𝑜𝑙−𝐾. The vaporized material rises toward the top of the chamber along
a line-of-sight, toward where a substrate is held by a rotating substrate holder to ensure uniform
deposition. The temperature differential within the chamber is such that the vaporized material
then condenses to form a solid thin film on the substrate surface. The spatial distribution of vapor
on the substrate can be described by
𝑑𝑀𝑠
𝑑𝐴𝑠

=

𝑀𝑒 cos (𝜃)
4𝜋𝑟 2

,

where 𝜃 is the radial tilt of 𝑑𝐴𝑠 , 𝑑𝑀𝑠 is the mass hitting 𝑑𝐴𝑠 , and 𝑀𝑒 is the total evaporated mass
[95]. Shadow masks may be used to carefully control the shape of deposition and may be changed
from layer to layer as needed. A basic schematic illustrating this process in a system with one
substrate and one source material can be seen in Figure 2.16.
Doping can be achieved using simultaneous codeposition, in which multiple crucibles
containing different source materials are vaporized simultaneously. An operator or computer
system can control the heat applied to each material independently, allowing for on-the-fly
adjustment of the deposition ratio as needed. Since VTE does not require the use of solvents, there
are no concerns with layer compatibility; once one crucible has been allowed to cool the next
crucible can be heated immediately thereafter to begin deposition of a subsequent layer.
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Figure 2.16 Schematic diagram illustrating the inside of the vacuum chamber in a vacuum thermal
evaporation system [95]. Only a single crucible and substrate are depicted as a simple example.

2.6 Characterization of OLEDs
Many different techniques have been applied to characterize the various electrical,
energetic, interfacial, luminance, optical, reliability, and surface properties of OLEDs. Several of
the more common optoelectronic characterization techniques used throughout this dissertation are
discussed below.

2.6.1 Current Density-Voltage (J-V) Characteristics
Perhaps the most basic electrical characterization technique applied to both LEDs and
OLEDs, and often the first applied to a newly fabricated device, is current density-voltage analysis.
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This analysis can normally be performed in less than 30 seconds per device, and provides a good
first impression of a device’s quality. A bias sweep over a predefined voltage range is applied to
the device and its current response is recorded. Current density can then be calculated based on
the device’s active area to make straightforward comparisons between devices with different active
area sizes. A typical J-V curve can be seen in Figure 2.17, which was produced using an Agilent
4156C Precision Semiconductor Parameter Analyzer. Computer software was used to set the
testing parameters and record the current as a function of applied voltage. Given certain common
assumptions made about OLED carrier dynamics, for an applied voltage up to about 0.1 V
𝑉

𝐽 ∝ 𝐿3 ,
where L is the semiconductor thickness. This is not a truly Ohmic current, and is referred to as
moving electrode (ME) current. In the moderate voltage regime, below the charge carrier
saturation limit or injection limit,
𝐽∝

𝑉2
𝐿3

according to the Mott-Gurney Law given some further assumptions about the device’s behavior
[101]. Comparing J-V curves from multiple devices, with all other things being equal, a higher
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applied voltage necessary to achieve a given current density is indicative of a lower charge
carrier concentration.

Figure 2.17 A typical J-V curve for an OLED.

2.6.2 Luminescence Spectra
Electroluminescence (EL) is the process by which photons are generated when the excess
electron-hole pairs in a semiconductor are created by an electric current caused by an externally
applied bias [102]. The principle of EL in OLEDs is identical to that of EL in LEDs: a current is
injected, creating electron-hole pairs that form excitons which recombine radiatively to emit
photons. The emitted photons are collected by a spectrometer and plotted by relative intensity
(generally measured in arbitrary units) as a function of photon wavelength. The measurements
reported in this dissertation used a Keithley SourceMeter Source Measure Unit for current injection
and an Ocean Optics USB4000 spectrometer to record emission spectra.
Photoluminescence (PL) is an optical phenomenon in which semiconductors emit light by
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absorbing incident light with energy higher than the energy band gap of the semiconductor [103].
The electron-hole pairs are generated by incident photons, but the emission process is essentially
unchanged. Both methods can be used to investigate the band gap, recombination mechanisms,
and material quality of a semiconductor [104]. A typical unnormalized PL spectrum can be seen in
Figure 2.18, which shows the green emission characteristic of Alq3.

Figure 2.18 A typical PL curve for Alq3 without normalization.

2.6.3 Luminance-Current Density (L-J) and Luminance-Voltage (L-V) Characteristics
The luminance of OLEDs, typically reported in cd/m2, can be measured at a particular
voltage or current density value by placing the device directly on the surface of a large, calibrated
Si photodiode to capture all photons emitted from the anode side. If instead a voltage sweep is
applied, in this dissertation with a Keithley SourceMeter Source Measure Unit, the luminance data
can be recorded as a function of current density and/or applied voltage. The photodetector converts
the collected photons into a photocurrent which is recorded by computer software. Converting
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from photocurrent to luminance, measured in cd/m2, can be achieved with just a multiplicative
constant. Luminance as a function of applied voltage may be preferred as an alternate means of
finding a device’s threshold voltage 𝑉𝑡ℎ . While the use of the term “threshold voltage” is somewhat
ambiguous in literature, it can generally be regarded as the voltage at which current response
begins to rise superlinearly.
The OLEDs discussed in this dissertation all emit in the visible spectrum, thus the photonic
response or human eye response greatly affects the luminous efficiency 𝜂𝐿 , defined as
𝜂𝐿 =

𝐿
𝐽

where 𝐿 is brightness and 𝐽 is current density, and measured in cd/A. The most used standard for
human visual perception is the CIE photopic luminous efficiency function, which statistically
weights the emitted photons according to the spectral sensitivity of an average human eye to each
wavelength [105].

2.6.4 Lifetime Test
OLED degradation can typically be observed as a monotonic decrease in device efficiency
over time. In laboratory conditions, this is measured by holding a device at a constant current
density or voltage in a well-controlled environment and regularly recording the brightness over
time. The use case for the device determines the testing conditions; for example, the U.S.
Department of Energy most recently tested the operating life of a range of commercially available
OLED panels at room temperature (RTOL), 35oC with no humidity (35OL), 45oC with no humidity
(45OL), and 65oC and 90% relative humidity (wet high-temperature operating life, WHTOL)
[106]. How lifetime is defined varies significantly, but the values typically reported are T80, T70,
and/or T50, defined respectively as the time it takes the luminance to drop to 80%, 70%, or 50% of
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its initial value at a constant current density.
OLED degradation is generally influenced by multiple independent mechanisms. This is
often reflected in lifetime measurements as an exponential luminance decay over time that can be
clearly separated into quick exponential decay and stretched exponential decay regimes. These
curves can be described by the equation
𝐿(𝑡)
𝐿0

= 𝑎𝑒 −𝛼𝑡 + 𝑏𝑒 −𝛽𝑡 ,

where 𝐿(𝑡) is brightness as a function of time, 𝐿0 is initial brightness, and a, b, 𝛼, and 𝛽 are fitting
parameters.
Due to recent improvements in OLED architecture, organic material handling and
processing, packaging, and device stability, it is often necessary to accelerate lifetime
measurements because it is not feasible to wait tens or hundreds of thousands of hours to observe
an appreciable decrease in brightness [107-108]. High current density is one common method used
to accelerate the testing process; elevated temperature is the other most common [109].
Acceleration is more often done with high current because it is more difficult and more involved
to calculate the acceleration factor between an elevated temperature and room temperature.
Typically, several identical OLEDs on a single substrate are driven with different initial
brightness levels. The lifetimes are then measured (or extrapolated from measurement) to the point
where a 50% drop from the initial brightness value is observed. For devices with lower initial
brightness, lifetime vs. initial luminance can be plotted as a double-log plot. The extrapolated
lifetime can then be found by fitting with the equation
𝐿𝑛 ∗ 𝑇50% = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,
where 𝐿 is the initial luminance, 𝑇50% is the lifetime, and n is a constant, typically between 1 and
2, which is dependent upon the materials used in the device and its structure.
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This acceleration must be done carefully. If the current density is too high, joule heating
and self-heating of the substrate can cause the extrapolated lifetime to be highly inaccurate. The
high-current measurement mode will overestimate lifetimes at low initial brightness but
underestimate lifetimes at high initial brightness. OLEDs with either of the charge carrier transport
layers doped and p-i-n OLEDs require lower driving voltages than standard OLEDs, however, and
are therefore less susceptible to self-heating. This allows some more leeway with the selection of
current density for lifetime measurements of these devices [107].
In addition to the effects of heating caused by typical device operation, environmental
factors such as oxygen and water vapor have extremely adverse impacts on device lifetime [9596, 109]. The electroluminescent materials and metal cathodes within OLEDs significantly
degrade when oxidized. The damage manifests as dark spots visible in the emitting region, known
as pinholes, which reduce light output. Water vapor contamination has far worse effects, as it not
only degrades the organic material quality but can also initiate an electrochemical process which
can cause delamination of the cathode. For these reasons, it is of utmost importance that
contamination is avoided during the deposition process and afterwards. The introduction of
impurities during the deposition process can be minimized by maintaining a high-quality vacuum.
After the device has been fabricated, careful encapsulation in an inert environment like a N2-filled
glovebox can provide significant protection from ambient contaminants and greatly extend
lifetime. The material and sealant used for encapsulation vary greatly depending on application,
e.g. a stiff glass cap would not be suitable for encapsulating a flexible OLED panel.
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3. Chapter 3 Calcium Doping in Organic Electron-Transport
Materials
3.1 Introduction
Modern OLEDs typically employ a complicated multilayer structure, as described in
Sections 2.2 and 2.3. The materials that make up the layers are carefully selected both to ensure a
balance in electron and hole current flow through the device, and effectively confine excitons to
the EML to maximize radiative recombination. Despite the high demonstrated luminous
efficiencies [110], low conductivity of organic materials remains a serious challenge as it causes
high operational voltages, Due to the negative effect of Van der Waals bonding on the electrical
conductivity, organic semiconductor

materials suffer from significantly lower carrier

concentration and mobility than conventional inorganic semiconductors. Furthermore, many
organic semiconductors intrinsically exhibit higher mobility of holes than electrons [111-112], and
effective electron-transport materials (ETMs) are relatively rare. Table 3.1 shows the room
temperature (RT) electron mobility of Si compared to several common organic ETMs.

Table 3.1 Room temperature electron mobilities of Si compared to several common organic electron
transport materials.
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While this gap in mobility will likely not be bridged between organic and inorganic
semiconductors in the foreseeable future, there is significant potential for conductivity
improvement via doping. N-type doping is particularly important to achieve charge balance in
OLEDs. For n-type doping to be effective, the electron affinity of the organic host must be larger
than the work function of the donor atoms. In other words, the LUMO level of the host must lie
below the Fermi level of the dopant. As indicated by energy diagram in Figure 3.1, this condition
is easily satisfied for alkali metals like Cs and Li, which are used as inorganic n-type dopants in
organic materials [113-123].

Figure 3.1 Energy diagram of three ETMs in comparison to the work functions of common n-type
atomic dopants Li and Cs. Charge transfer is energetically favorable under thermal equilibrium because
the LUMO of BPhen lies below the work functions of the dopants.
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These metallic dopants are very reactive and oxidize easily due to ambient air and water
contamination, and due to its small atomic size and mass, Li also tends to easily diffuse from the
ETL into the EML where it serves to quench excitons [117]. These drawbacks have led to the use
of various alkali compounds as precursors for thermal evaporation such as Cs2CO3, CsF, Li2CO3,
and Rb2CO3 [124-130] which are more stable in ambient air and easier to handle. However, these
compounds introduce additional problems such as outgassing and contamination during the coevaporation process since they must be evaporated at relatively high temperatures. Since these
compounds generally decompose into alkali metals, either during evaporation or once deposited
in the organic matrix, the problem of small atomic dopants diffusing quickly also remains
unsolved.
Ca is a low-cost metal that is far more abundant. With a relatively low work function of
2.87 eV, it is a potential n-type dopant for organic ETMs. It is less reactive than alkali metals and
less diffusive than Li due to its larger size and ionic charge. Though some reports have suggested
that gap states form due to the interaction between Ca and organic materials [131-132], and may
play an important role in charge transfer and conductivity, little work has been done to evaluate
the effectiveness and stability of Ca as a dopant in organic materials. This chapter describes the
incorporation of Ca into different organic ETMs via co-evaporation and evaluates the doping
effects and stability of Ca as an alternative n-type dopant.

3.2 Experimental Procedure
EODs were fabricated via vacuum thermal evaporation on glass substrates pre-patterned
with an ITO anode. The substrates were cleaned sequentially with acetone, methanol, and
deionized water then treated with oxygen plasma. The prepared substrates were then loaded into a
Trovato VTE system with a base pressure of ~1×10-7 Torr. The layers were deposited inside the
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vacuum chamber through shadow masks.
The EOD structure was ITO/LiF (1 nm)/undoped or Ca-doped ETM (70 nm)/LiF (0.5
nm)/Al (100 nm), where the ETL used one of three common electron transport materials (ETMs):
Tris-(8-hydro-xyquinoline)aluminum (Alq3), Bathophenanthroline (BPhen), or 1,3,5-tris(2-Nphenylbenzimidazolyl)benzene (TPBi). The full device layer structure can be seen in Figure 3.2(a).
Figures 3.2 (b)-(d) show the energy level alignment of the three EODs. In all three cases, an ultrathin LiF layer (1 nm) was deposited onto the ITO anode to block the injection of holes into the
ETL, allowing the effect of doping on electron transport to be investigated exclusively. Doping
was achieved by co-evaporating Ca with the ETM. The active device area of 0.1 cm2 was defined
by the 100 nm Al cathode, with four identical devices fabricated on each substrate. The devices
were then moved from the vacuum chamber into a N2-filled glovebox and encapsulated with a
glass lid and epoxy before being removed for characterization in ambient air at room temperature.
The devices had their J-V characteristics tested and were subjected to constant current
density stressing between 20 mA/cm2 and 50 mA/cm2 to evaluate the stability of the Ca dopant
and device reliability; subjecting the devices to such high current densities, well above the typical
OLED operating current density, accelerates device degradation and allows for a fast,
straightforward evaluation and comparison. Thin films of the Ca-doped and undoped ETMs were
also deposited directly onto glass substrates for optical analysis via absorption and transmission
spectroscopy. The materials’ luminescent properties were analyzed with photoluminescence
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spectroscopy.
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Figure 3.2 (a) The layer structure of the EODs. (b)-(d) The energy level alignments for EODs using
Alq3, BPhen, or TPBi as the ETM, respectively.
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3.3 Results and Discussion
Figure 3.3 shows the J-V characteristics of the EODs based on undoped and 6 wt% Cadoped Alq3, BPhen, and TPBi. For the undoped EODs, the higher the ETM mobility, the lower the
EOD voltage. Clearly Ca incorporation has quite different effects on their J-V characteristics. With
6 wt% Ca, the voltage of the Alq3 EOD at 50 mA/cm2 increases from 6.8 V to 7.7 V, a 13.2%
increase, whereas the voltage of the BPhen EOD falls from 4.2 V to just 1 V, a 76.2% decrease.
Meanwhile, a smaller increase in the voltage of the TPBi EOD can be seen. It is clear that Ca
exhibits the effects of an effective n-type dopant in BPhen, but not in Alq3 or TPBi.

Figure 3.3 J-V characteristics of electron-only devices with undoped ETLs (solid lines) and with 6 wt%
Ca doped ETLs (dashed lines).

The voltage increase in the two EODs indicates that any weak doping effect from Ca
incorporation is counteracted by adverse effects such as electron traps formed due to Ca-ETM
interactions. In particular, Ca has been found to strongly attack Alq3, causing the Alq3 molecule to
decompose and produce new atomic energy states in the energy gap [132-133]. Further gap states
may come about from the hybridization of the molecular orbital and metal wavefunction.
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This explanation is further bolstered by J-V measurements taken on EODs with Alq3 and
TPBi ETLs doped more heavily with Ca. Figure 3.4 shows the result of doping an Alq3-based EOD
with the same structure given in Figure 3.2 with 7.2 wt% Ca and 23.7 wt% Ca. As would be
expected based on the aforementioned discussion of the Ca Fermi level’s position relative to the
LUMO level of Alq3, as well as the formation of electron traps and gap states, Ca does not dope
Alq3 n-type but rather degrades it. Further, performance degrades dramatically and monotonically
as Ca concentration in the Alq3 film increases; the 23.7 wt% Ca-doped ETL device required nearly
50% higher applied voltage to achieve the same current density as the undoped ETL device.

Figure 3.4 J-V characteristics of Alq3-based EODs doped with varying Ca concentrations.

Similar behavior can be seen in the J-V characteristics of more heavily doped TPBi-based
EODs shown in Figure 3.5. Doping the TPBi ETL with 7.2 wt% Ca produces a J-V curve that is
nearly indistinguishable from that of the undoped TPBi sample, likely due to less aggressive
attacking of the TPBi molecule than the Alq3 molecule. However, further increasing the Ca
concentration to 23.7 wt% produces significantly worse electrical behavior dominated by the
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influence of electron traps and gap states, requiring nearly twice the voltage to achieve a given
current density as the undoped TPBi sample.

Undoped
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23.7 wt% Ca
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Figure 3.5 J-V characteristics of TPBi-based EODs doped with varying Ca concentrations.

A significant difference is also evident in the photoluminescence (PL) spectroscopy of
these three ETMs , as seen in Figure 3.6. Analysis was conducted on the undoped ETMs, 4.1 wt%
Ca-doped, and 6.0 wt% Ca-doped films on glass substrates. Alq3 doped with just 4.1 wt% Ca has
its green PL emission peak completely quenched, with no further change observed at 6.0 wt% Ca
doping. This same quenching effect can be seen in the TPBi PL spectra. The PL quenching
indicates the formation of gap states, which act as nonradiative recombination centers and directly
impact PL intensity [126-128]. Alq3 and TPBi also suffer from the rapid dissociation of excitons
due to the relative ease of back electron transfer from their LUMO levels to the ionized Ca dopants.
This back transfer will create cationic radicals that act as even more electron traps, further
degrading film quality and PL emission intensity.
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Figure 3.6 Normalized PL spectra of undoped, 4.1 wt%, and 6.0 wt% Ca-doped Alq3, BPhen, and TPBi
thin films.

Previously discussed J-V data suggests that there is a fundamental difference in the role of
Ca doped in ETMs which causes the electrical characteristics of the BPhen EOD to improve with
Ca doping while the others degrade. Indeed, BPhen shows considerably weaker PL quenching,
with 4.1 wt% Ca doping reducing PL intensity to 33% of its peak and 6.0 wt% Ca doping reducing
it further to 22%. This is presumably due to the lower efficiency of back electron transfer from
BPhen. At 300 K, kBT is 0.0.26 eV while ΔE between the LUMO of Alq3 and the Fermi level of
Ca is 0.02 eV and ΔE between the LUMO of BPhen and the Fermi level of Ca is 0.13 eV. The
LUMO of TPBi lies 0.17 eV above the Fermi level of Ca, making it unlikely to allow even the
initial charge transfer from Ca to the matrix and very likely for back transfer of electrons to occur.
The observed J-V and PL results are not unexpected in light of the back-transfer energy gap of
BPhen being ~6 times larger than that of Alq3. Another contributing factor is the formation of fewer
and/or less detrimental gap states in BPhen than in the other ETMs.
Surprisingly, a long wavelength peak at 500 nm can be seen emerging and growing in
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relative intensity as the Ca concentration in BPhen and TPBi increases. This suggests that some of
the created gap states from BPhen-Ca and TPBi-Ca interactions are radiative and originate from a
new species like a BPhen-Ca2+ complex. No such long wavelength peak can be seen at any doping
concentration for Alq3 due to the overlap with its primary emission peak at 520 nm.
Further optical characterization of BPhen thin films was undertaken to better understand
the effects of Ca doping. BPhen was deposited on separate glass substrates in its pure and 4.1 wt%
Ca-doped forms and underwent Fourier-transform infrared spectroscopy (FTIR) analysis. The
spectra of the doped and undoped films were identical up to 1000 cm-1. However, the doped BPhen
film exhibited significantly higher infrared absorption between 1300 cm-1 and 2100 cm-1 than the
undoped film, indicative of significant molecular structure changes induced by the introduction of
Ca into the BPhen matrix. These results can be seen in Figure 3.7.

Figure 3.7 Comparison of FTIR spectra of a pure BPhen thin film and a BPhen thin film doped with 4.1
wt% Ca.
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The normalized UV-visible range absorbance spectra of undoped BPhen and BPhen doped
with varying Ca concentrations can be seen in Figure 3.8. There is a clear shift in the location of
the primary peak at just 2.2 wt% Ca incorporation, from 290 nm to 278 nm. While the intensity of
the absorption peak diminishes as the Ca concentration increases, the peak wavelength does not
change. A secondary absorption peak at 315 nm becomes relatively more prominent with
increasing Ca concentration.

Figure 3.8 Absorbance spectra of an undoped BPhen thin film and BPhen thin films doped with varying
Ca concentrations.
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Taken together, this data suggests that the effects of Ca doping correlate with the LUMO
level of the ETM relative to the Fermi level of Ca. Thus, it can be concluded that Ca only serves
as an effective donor in organic materials whose electron affinity is greater than 2.87 eV, the work
function of Ca.

Figure 3.9 Energy diagram that shows the Fermi level of Ca relative to the LUMO levels of TPBi, Alq3,
Figure 3.9 Energy diagram
shows the Fermi level of Ca relative
andthat
BPhen.
to the LUMO levels of TPBi, Alq3, and BPhen.

These results may be explained by the energy level diagram illustrated in Figure 3.9, which
shows the relative positions of the HOMO and LUMO energy levels of the ETMs to the Fermi
level of Ca. The Fermi level of Ca is above the LUMO of BPhen, allowing efficient electron
transfer from Ca to the BPhen host. This leads to effective n-type doping and a dramatic
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conductivity enhancement, which manifests as the sharp voltage reduction seen in Figure 3.3. In
contrast, the Fermi level of Ca is slightly above the LUMO level of Alq3 and below the LUMO
level of TPBi, therefore electron transfer from Ca is not as efficient.
Figure 3.10(a) shows the J-V characteristics of EODs with ETLs that consist of undoped
BPhen and BPhen doped with various Ca concentrations. Figure 3.10(b) shows how the operating
voltage at 50 mA/cm2 changes as a function of Ca doping concentration. The EOD with an
undoped BPhen ETL required 4.2 V to achieve 50 mA/cm2, which was slightly reduced to 3.9 V
and 3.6 V at 2.5 wt% Ca and 3.1 wt% Ca respectively. At 4.1 wt% Ca, the voltage suddenly drops
markedly down to 1.3 V. Further increasing the doping concentration shows continued monotonic
voltage reduction, but with diminishing returns. 6.0 wt% Ca reduces the voltage to 1 V, then nearly
doubling the dopant concentration to 11.5 wt% only reduces the voltage to 0.6 V. At the highest
doping concentration, this represents a reduction in voltage required to achieve a current density
of 50 mA/cm2 of 3.6 V compared to the undoped BPhen EOD. The monotonic nature of the voltage
reduction as doping concentration increases further confirms the efficiency of electron transfer
from Ca to the BPhen matrix. Conductivity is significantly increased, and any negative effect on
electron transport caused by the formation of gap states appears to be negligible up to 11.5 wt%
Ca.
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Figure 3.10 (a) J-V characteristics of EODs with undoped BPhen and 2.5-11.5 wt% Ca-doped BPhen
ETLs. (b) Evolution of EOD operating voltage at 50 mA/cm2 as a function of Ca concentration.

These results agree with the conclusions drawn by experiments utilizing ultraviolet
photoelectron spectroscopy (UPS) to analyze n-type doped organic materials [134-136]. These
experiments show that electron transfer from the dopant to the host matrix shifts the host
molecule’s Fermi level up toward the LUMO level. Since the BPhen ETL in the previously
described devices is effectively in direct contact with the Al cathode, the Fermi levels of the two
materials align and create a depletion region in the BPhen layer due to band bending. The width
of this depletion region scales inversely with Ca doping concentration such that very high doping
concentrations allow electrons to be injected into BPhen from the cathode via charge tunneling.
The extreme and sudden voltage reduction to attain a current density of 50 mA/cm2 above 4 wt%
Ca indicates the onset of efficient electron tunneling. Therefore, Ca doping in BPhen not only
improves electron transport within the BPhen layer by increasing its conductivity, it also enhances
electron injection into the BPhen layer from the Al cathode. As seen in Figures 3.4 and 3.5, there
is no such an effect with Ca-doped Alq3 or TPBi even at much higher doping concentrations.
The above conclusion is supported by the data presented in Figure 3.11. An EOD with an
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undoped BPhen ETL was fabricated with and without a LiF EIL, and an EOD with a 4.1 wt% Cadoped BPhen ETL was fabricated with and without a LiF EIL. Besides the presence or absence of
the 0.5 nm LiF layer, the devices had the same structure shown in Figure 3.2(a). The J-V test results
clearly demonstrate that the LiF EIL is critically important for electron injection into an undoped
BPhen ETL but has minimal impact on the Ca-doped ETL device. This suggests that with a
sufficiently doped ETL the EIL can be eliminated from devices with minimal performance impact,
allowing for a simplified device structure and deposition process.

Figure 3.11 J-V characteristics of EODs with undoped and 4.1 wt% Ca-doped BPhen ETLs with and
without a 0.5 nm LiF EIL.

The stability of Ca doping under electrical excitation was tested by subjecting undoped and
doped BPhen ETL EODs to constant 50 mA/cm2 current stressing. Figure 3.12 shows the voltage
required to maintain a constant current density through the devices over time. The voltage needed
for the undoped EOD increased from 4.7 V to 6.8 V over 15 hours, due mainly to deterioration of
the organic material caused by current and joule heating. The EODs with between 4.1 wt% and
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11.5 wt% Ca-doped ETLs show significantly less change in voltage over time, indicating higher
stability. After 29 hours, the 11.5 wt% Ca-doped BPhen ETL EOD showed a voltage increase of
just 0.5 V. Despite the general belief that Ca is highly reactive and easily oxidized [137], this test
confirms that Ca functions as a highly stable n-type dopant in BPhen given proper encapsulation.

Figure 3.12 Voltage evolution over time of EODs with undoped and varying concentrations of Ca-doped
BPhen ETLs under 50 mA/cm2 constant-current stressing.

Finally, several Ca compounds were tested as potential dopant species, including CaCO3,
CaF2, and CaCl2. These molecular forms offer even higher stability and slower oxidation rates than
pure Ca. However, these molecular forms require much higher evaporation temperatures than pure
Ca (e.g., ~1100°C for CaF2 versus ~450°C for Ca at 10-4 Torr). We managed to evaporate these
compounds in our system. However, their incorporation into BPhen via co-evaporation resulted in
worse J-V characteristics of BPhen EODs, as seen in Fig. 3.13. The data suggests that the
evaporation temperature was not high enough to decompose the precursor molecules, so the
molecules instead of atomic Ca were incorporated into the organic matrix, showing no doping
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effect.

Figure 3.13 Comparison of J-V characteristics of an EOD with a Ca-doped BPhen ETL and an EOD with
a CaCO3-doped BPhen ETL.

3.4 Conclusions
In summary, the viability of Ca as an inorganic n-type dopant in various organic electron
transport materials was studied. Electron-only devices were fabricated by co-deposition of Ca with
the organic material to investigate the effects of Ca doping on the electron transport within Alq3,
BPhen, and TPBi. Of the three organic materials, only BPhen was found to be effectively doped
n-type by Ca due to its LUMO level lying below the Fermi level of Ca which allows for facile
electron transfer. Due to the relative ease of back electron transfer to ionized Ca and the formation
of electron traps and gap states within Alq3 and TPBi, the addition of Ca to these two ETMs
severely quenched photoluminescent emission and produced far worse J-V characteristic curves
than the respective undoped devices.
A significant reduction in the applied voltage required to reach a given current density was
observed in BPhen EODs when the Ca concentration was increased to 4.1 wt%, with higher Ca
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concentrations leading to further monotonic voltage reduction. This performance improvement
was shown to be a result of improved electron transport within the BPhen layer itself, as well as
improved electron injection via tunneling from the cathode. BPhen EODs doped at a concentration
of 4.1 wt% Ca were shown to be equivalent in J-V characteristics with and without a LiF EIL,
allowing for a simpler device fabrication process with no performance impact. Constant-current
stressing showed that BPhen:Ca ETL EODs were more reliable than undoped EODs with undoped
BPhen ETLs, suggesting that Ca is a remarkably stable dopant and a slow diffuser in the BPhen
matrix.
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4. Chapter 4 Fabrication and Characterization of OLEDs
with a Ca-Doped ETL
4.1 Introduction
In all OLED applications, the luminous efficacy measured in lumens per watt is a key
performance metric used to evaluate how well a particular light source converts input power to
visible light [138]. Improvement of the luminous efficiency may be achieved by reducing the turnon and operating voltages of OLEDs and thus reducing the power consumption at a particular
luminance. One common method involves the introduction of electrical dopants into the charge
transport layers. As discussed in the previous chapter, this not only leads to a significant increase
in conductivity within the layer but also improves charge carrier injection from the electrodes due
to a reduction in interfacial energy barriers. Both of these effects produce devices with reduced
driving voltages [59].
Improved conductivity and charge carrier injection both produce improvements that can be
seen in single-carrier devices, as was shown with EODs in Chapter 3. A third beneficial effect on
device performance is improved charge balance within devices whose operation relies on the
injection and transport of both electrons and holes such as OLEDs. The effect of doping is
particularly pronounced in the case of n-type doping since many organic semiconductors favor
hole transport and have very low electron mobilities [117-119, 139-140]. For example, TPBi is a
common ETM and has an electron mobility of ~6.5 × 10-5 cm2/Vs while a common hole transport
material (HTM) like NPB has a hole mobility of ~4 × 10-4 cm2/Vs, a full order of magnitude higher.
This discrepancy persists even in synthesized organic semiconductor polymers and small
molecules created and studied for use in organic field-effect transistors (OFETs), in which hole
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mobility is typically almost twice the electron mobility [141].

4.2 Experimental Procedure
The OLEDs were fabricated via vacuum thermal evaporation on glass substrates prepatterned with an ITO anode. The substrates were cleaned sequentially with acetone, methanol,
and deionized water then treated with oxygen plasma. The prepared substrates were then loaded
into a Trovato VTE system with a base pressure of ~1×10-7 Torr. The layers were deposited inside
the vacuum chamber through shadow masks.
The structure was ITO/40 nm N,N-bis-(1-naphthyl)-N,N0-diphenyl-1,10-biphenyl-4,40diamine (NPB) HTL/30 nm EML consisting of 10 wt% 4,40-bis(9-ethyl-3-carbazovinylene)-1,10biphenyl (BCzVBi) doped 4,40-bis(N-carbazolyl)-1,10-biphenyl (CBP) host/40 nm undoped or
4.1 wt% Ca-doped BPhen ETL/0.5 nm LiF EIL/100 nm Al cathode. The use of different doping
profiles for each OLED is explained in detail below.
Doping was achieved by co-evaporating BCzVBi with CBP to define the EML and coevaporating Ca with BPhen to define the ETL. The active device area of 0.1 cm 2 was defined by
the 100 nm Al cathode, with four identical devices fabricated on each substrate. The devices were
then moved from the vacuum chamber into a N2-filled glovebox and encapsulated with a glass lid
and epoxy before being removed for characterization in ambient air at room temperature. The J-V
characteristics were tested using an Agilent 4156C Precision Semiconductor Parameter Analyzer.
The EL spectra were collected and measured using an Ocean Optics USB4000 spectrometer. The
luminance of the OLEDs was measured by placing the devices directly onto the surface of a large,
calibrated Si photodiode to ensure the capture of all photons emitted from the glass side. Device
reliability was measured by subjecting the OLEDs to constant high-current stressing for an
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extended period of time, during which the voltage and luminance data were periodically collected.

4.3 Results and Discussion
Four blue fluorescent OLEDs with Ca-doped BPhen ETLs were fabricated. The four
devices, labeled OLEDs A, B, C, and D, differed only in the doping profile of the ETL. The ETL
of OLED A was entirely undoped, the ETL of OLED B was 20 nm doped and 20 nm undoped, the
ETL of OLED C was 10 nm doped and 30 nm undoped, and the ETL of OLED D was entirely
doped. In each case where there exists a portion of the ETL that is undoped, the undoped BPhen
was deposited onto the EML first and the doped BPhen was then deposited. Figure 4.1(a) illustrates
the generalized device structure and 4.1(b) shows the energy level alignments.

Figure 4.1 (a) Layer structure of the 3 OLEDs with BPhen:Ca ETLs, where x = 40, 20, 10, and 0. (b)
Energy level alignments for the OLEDs.
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Figure 4.2 compares the J-V characteristics of the four OLEDs. Consistent with the EOD
data, the OLEDs with a larger portion of the ETL doped with 4.1 wt% Ca show better performance.
OLED A, with an entirely undoped ETL, requires 7.5 V to achieve a current density of 50 mA/cm2.
OLED B requires 6.5 V and OLED C required 6.3 V to achieve this same current density. OLED
D, with a fully doped ETL, requires just 5.5 V to reach 50 mA/cm2. This represents a reduction in
the driving voltage of 2 V between the worst and best performing devices. Not only do the devices
with at least some portion of the ETL doped with Ca exhibit better J-V characteristics, but the
driving voltage to reach 50 mA/cm2 falls monotonically as the doped portion of the ETL increases.

Figure 4.2 J-V characteristics of four blue-emitting OLEDs (referred to as devices A, B, C, and D) with
undoped/4.1 wt% Ca-doped BPhen ETLs. The total thickness of the ETL in all devices is 40 nm.

Figure 4.3 shows a photograph of a fabricated OLED emitting uniform blue light at 10
mA/cm2. The 0.1 cm2 emitting area was defined by the anode and cathode connection points.
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Figure 4.4 shows the normalized EL spectra of the four devices with an offset between each
spectrum for clarity. All four OLEDs exhibit identical EL spectra, which consists of a primary blue
emission peak centered at 483 nm, a smaller secondary peak at 450 nm, and a small tertiary peak
around 515 nm. Thus, the presence of Ca in the ETL does not affect the color of the light, even in
OLED D which lacks an undoped BPhen spacer layer. Inset in the plot is a photograph of the EL
emission from one device, which indeed appears cyan as the EL spectra would suggest.

Figure 4.3 Photograph of an unencapsulated blue-emitting OLED.
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Figure 4.4 Normalized PL emission spectra from each of the four OLEDs with undoped/4.1 wt% Cadoped BPhen ETLs. Inset is a true-color photograph of the typical bluish green emission from one device.

At 20 mA/cm2, OLED A has the highest current efficiency at 5 cd/A, while OLED D has
the lowest at 1.7 cd/A. This is indicative of a significant quenching effect caused by the Ca-doped
portion of the BPhen ETL being in direct contact with the EML. This effect is largely suppressed
in OLEDs B and C, which make use of an undoped BPhen spacer between the EML and doped
portion of the ETL yet still receive some benefit from being partially doped. OLED C with the 20
nm undoped BPhen spacer showed current efficiency comparable to that of OLED A at 20 mA/cm2.
The full luminance-voltage (L-V) characteristics can be seen in Figure 4.5. All three
OLEDs with at least partially Ca-doped BPhen ETLs have lower turn-on voltages than OLED A
with an entirely undoped BPhen ETL. To achieve a luminance of 1000 cd/m2, OLED A requires
6.1 V compared to 5.8 V for OLED B, 5.4 V for OLED C, and 5.6 V for OLED D. While a fully
doped ETL allows for the best electrical performance in OLED D, the quenching effect in this
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device is so severe that it clearly has the smallest turn-on slope of all four.

Figure 4.5 L-V characteristics of four blue-emitting OLEDs.

Finally, the lifetime of each OLED was evaluated by subjecting each device to constant
current density stressing at 20 mA/cm2. The evolution of the normalized luminance from each
device over time can be seen in Figure 4.6(a). All four OLEDs exhibit the expected quick and
stretched exponential luminance decay, but with vastly different lifetimes. OLED A had a half-life,
the time required for its luminance to decline by 50%, of just 1.3 hours. OLED B shows a slight
improvement with a 1.9 hour half-life, and OLED C shows further improvement with a 3.7 hour
half-life. OLED D, with the fully Ca-doped BPhen ETL, exhibits the longest half-life by far at
28.7 hours, approximately 22 times larger than that exhibited by OLED A. This decay in luminance
is accompanied by a concurrent increase in driving voltage required to maintain a current density
of 20 mA/cm2 in Figure 4.6(b). Here it can be seen that OLED D not only has the lowest initial
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driving voltage, but also that this voltage increases the slowest over time. The lack of other studies
utilizing Ca as a dopant make it impossible to draw direct comparisons, but given the high
operating current density, these lifetimes are generally comparable to the data for similar OLEDs
reported by other research groups.
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Figure 4.6 (a) Evolution of the normalized luminance of four blue-emitting OLEDs over time when held
at a constant stress of 20 mA/cm2. (b) Evolution of the driving voltage required to maintain 20 mA/cm2
over time for the same devices.

The extension of OLED lifetime by Ca doping is primarily a result of the reduction in
operating voltage, as seen in Figure 4.4 and in the EODs studied in Chapter 3. Reducing the voltage
required to achieve and maintain a given current density substantially reduces power dissipation
and therefore Joule heating within the device. This effect is particularly pronounced in the region
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nearest to the Al cathode [142-143]. Thermal stress in the organic layers that occurs during device
operation is known to be a significant contributor to OLED degradation, showing significant
effects at just 20° C above the relatively low glass transition temperatures of typical organic
semiconductors [144-146]. This data fully supports the conclusions drawn in Chapter 3 that Ca is
a stable dopant within a BPhen matrix under current stressing. The data also suggests that there is
limited Ca diffusion through BPhen to the ETL/EML interface, or into the EML, which would
otherwise lead to strong exciton quenching and fast luminance decay in the OLEDs with a Cadoped BPhen ETL.
The results are broadly summarized in Table 4.1. OLED D offers the best J-V performance
and longest lifetime, but suffers from low current efficiency due to contact between the EML and
the doped portion of the ETL. For this reason, depending on application the structure of OLED C
may be more appropriate. Further improvements may be seen with even thinner spacer layers,
combining the best aspects of OLED C’s performance and OLED D’s performance.

OLED
A
B
C
D

Blue OLEDs with a Ca-doped BPhen ETL
Doped ETL Thickness
Spacer Thickness
V at 50 mA/cm2
(nm)
(nm)
(V)
L50 at 20 mA/cm2 (hrs)
0
40
7.5
1.3
20
20
6.5
1.9
30
10
6.3
3.7
40
0
5.5
28.7
Table 4.1 Summary of characterization results for blue OLEDs with a BPhen:Ca ETL.

4.4 Conclusions
In conclusion, blue fluorescent OLEDs with a Ca-doped BPhen ETL exhibited lower turnon voltage, longer lifetime, and higher luminance than OLEDs with an undoped BPhen ETL
without altering the device’s emission spectrum. This was in agreement with the conclusions drawn
from Ca-doped BPhen ETL EOD data in comparison to undoped BPhen ETL EODs presented in
69

Chapter 3.
Despite these observed improvements, L-V data revealed that doping the entirety of the
ETL with Ca causes a significant quenching effect and produces a much lower turn-on slope than
leaving the ETL undoped. This suggests that the Ca dopant creates cationic radicals and BPhenCa2+ complexes that act as electron traps and exciton quenchers. OLEDs with a 10 nm or 20 nm
spacer inserted between the doped portion of the ETL and the EML exhibited improved L-V
characteristics, indicating that Ca doping significantly improves electrical performance but
becomes problematic only when the Ca-doped portion of the BPhen ETL is in direct contact with
the EML.
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5. Chapter 5 Fabrication and Characterization of p-i-n
Homojunction OLEDs
5.1 Introduction
Since the 1990s, p-i-n structures have been proposed and investigated as solutions for
producing low voltage, and therefore high power efficiency OLEDs [72, 119]. The basic layer
structure of a bottom-emitting p-i-n OLED consists of a transparent anode like ITO, a p-type doped
HTL, the EML, an n-type doped ETL, and a metal cathode like Al. Undoped interlayers may be
inserted between the EML and charge transport layers for exciton confinement. At sufficiently high
doping concentrations, there is no need for either of the charge injection layers. The first highly
efficient p-i-n OLED was reported in 2004 [147]. The phosphorescent device based on a green
emitter doped in the i-layer exhibited a power efficiency of 64 lm/W.
Further work has been done to improve the operating lifetime of such devices. The first
report of a half-life above 100,000 hours was published in 2005 [148]. This was achieved at an
initial brightness of 500 cd/m2. Other refinements have focused on the improvement of operational
and thermal stability, advanced architectures, and the simplification of the OLED stack [109]. The
last of these approaches not only addresses common lifetime reduction mechanisms, such as
heating caused by charge carrier and exciton accumulation at heterointerfaces, but it also serves to
increase the cost competitiveness of OLEDs by allowing for more cost-efficient mass production.
Despite parallel improvements in efficiency and lifetime, it is now commonly found that
p-i-n OLEDs outperform standard OLEDs in terms of both efficiency and lifetime. Depending on
the complexity of the device, however, the increased fabrication costs associated with a p-i-n
OLED may not warrant the efficiency and lifetime improvements it offers over a more simply and
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cheaply fabricated standard OLED. An OLED utilizing a homojunction architecture, in which the
entirety of the organic stack is composed of a single material with no heterointerfaces, is therefore
highly attractive due to its simplicity and ease of processing [34, 149-156]. It then stands to reason
that combining a p-i-n structure with the homojunction architecture stands to offer the significant
improvements in lifetime and efficiency of a p-i-n OLED as well as the reduced fabrication
complexity and cost of a homojunction OLED. While there are reports of red- and green-emitting
homojunction OLEDs, efficient blue-emitting homojunction OLEDs are more difficult because of
the difficulty in finding a suitable host with a wide HOMO-LUMO gap [157].
Carbazole-based molecules have been synthesized and used as the host materials in OLEDs
emitting at short wavelengths due to their high triplet energy [158]. Among them, 4,4′-N, N′dicarbazolylbiphenyl (CBP) is one of the most widely used hosts for green and blue fluorescent or
phosphorescent emitters [139, 149, 157-160]. CBP is also ambipolar and thus has been used to
construct homojunction OLEDs [157-160], where the CBP ETL was either undoped or doped with
conventional dopants like Cs and Li. Our recent study, as described in Chap.3, showed that Ca can
function as an effective donor in materials with LUMO lying below the Fermi level of Ca like
BPhen [161], suggesting that CBP, with a high electron affinity of 2.9 eV, may also be doped into
n-type with Ca. Comparing with Li and Cs, Ca is less reactive, less diffusive due to its larger size
and ionic charge, and a lot easier to handle. In addition, our group has carried out a systematical
study of p-type doping of CBP with transition metal oxides [162-163]. In this work, we are
motivated to apply our newly developed doping techniques to CBP, and to demonstrate a highperformance p-i-n homojunction blue OLED with CBP as the host, electron and hole transport
material.
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5.2 Experimental Procedure
EODs, HODs, and full OLEDs described below were fabricated via vacuum thermal
evaporation on glass substrates pre-patterned with an ITO anode. The substrates were cleaned
sequentially with acetone, methanol, and deionized water then treated with oxygen plasma. The
prepared substrates were then loaded into a Trovato VTE system with a base pressure of ~1×10-7
Torr. The layers were deposited inside the vacuum chamber through shadow masks.
The EOD structure was ITO/LiF (1 nm)/undoped or Ca-doped CBP (80 nm)/LiF (1 nm)/Al
(100 nm), in which the Ca concentration was varied from 3 wt% to 20 wt%. The HOD structure
was ITO/MoO3 (1 nm)/undoped or MoO3-doped CBP (80 nm)/LiF (1 nm)/Al (100 nm), in which
the MoO3 concentration was varied from 5 wt% to 30 wt%. The varied OLED structures are
described in detail below in context.
The inorganically doped homojunction OLED structure consists of ITO/10 wt% MoO3doped CBP (40-x nm)/CBP (x nm)/15 wt% BCzVBi-doped CBP (30 nm)/CBP (x nm)/6 wt% Cadoped CBP (40-x nm)/100 nm Al with x varied from 0 to 15. Doping was achieved by coevaporating Ca with CBP to define the ETL, co-evaporating MoO3 with CBP to define the HTL,
and co-evaporating BCzVBi with CBP to define the EML. The active device area of 0.1 cm 2 was
defined by the 100 nm Al cathode, with four identical devices fabricated on each substrate. The
devices were then moved from the vacuum chamber into a N2-filled glovebox and encapsulated
with a glass lid and epoxy before being removed for characterization in ambient air at room
temperature. The J-V characteristics were tested using an Agilent 4156C Precision Semiconductor
Parameter Analyzer. The EL spectra were collected and measured using an Ocean Optics USB4000
spectrometer. The luminance of the OLEDs was measured by placing the devices directly onto the
surface of a large, calibrated Si photodiode to ensure the capture of all photons emitted from the
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glass side. Device reliability was measured by subjecting the OLEDs to constant high-current
stressing for an extended period of time, during which the voltage and luminance data were
periodically collected.

5.3 Results and Discussion
Initially, hole-only devices (HODs) were fabricated to demonstrate the feasibility of doping
CBP n-type effectively. MoO3 was used as the dopant since its work function of 6.9 eV is larger
than the 6 eV ionization energy of CBP. This energy level alignment allows MoO3 to act as an
efficient electron accepter in the CBP matrix, leaving behind free holes. The J-V characteristics of
an undoped CBP HTL HOD are compared to HODs with different MoO3 doping concentrations in
Figure 5.1(a). Figure 5.1(b) shows a plot of the voltage required to achieve a current density of 50
mA/cm2 at each doping concentration.

Figure 5.1 (a) J-V characteristics of HODs with undoped CBP and 5-30 wt% MoO3-doped CBP HTLs.
(b) Evolution of HOD operating voltage at 50 mA/cm2 as a function of MoO3 concentration.

It is clear that the conductivity of CBP increases monotonically as the doping concentration
of MoO3 increases up to 30 wt%. The undoped CBP HTL device requires a driving voltage of 5.8
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V to achieve a current density of 50 mA/cm2, while 5 wt% MoO3-doped CBP HOD requires a
reduced voltage of 5.5 V and the 7.5 wt% doped HOD requires 4.7 V. At 10 wt% MoO3, there is a
sudden sharp reduction in voltage down to 2.5 V. Above 10 wt% the voltage falls to a minimum of
1.0 V at 30 wt% MoO3, a reduction of 4.3 V compared to the undoped HOD. This is similar to
previous work done with WO3-doped CBP in which a sharp increase in conductivity occurred as
the doping concentration was raised above 10 wt% [25]. This is due to the onset of efficient hole
tunneling.
Charge transfer between MoO3 and CBP increases the free hole concentration in the host
material, causing its Fermi level to shift downward towards the HOMO level. Such a shift has been
observed in several p-type doped organic semiconductors with techniques including UPS and
Kelvin probe force microscopy [164-169]. Near the interface between the ITO anode and the CBP
HTL, a depletion region forms. As with the n-type doping, described in Chapter 2, the width of
this depletion region decreases as the dopant concentration increases. At sufficiently high doping
concentrations, the depletion region can similarly become thin enough to significantly enhance
hole injection from the anode into the organic layer. Therefore, it is likely that the striking voltage
reduction exhibited by the HODs doped with greater than 10 wt% MoO3 is due to the onset of
efficient hole tunneling.
The J-V characteristics of CBP ETL EODs doped with Ca at various concentrations can be
seen in Figure 5.2. Once again it is clear that the undoped device exhibits the worst electrical
performance of the samples, and that conductivity improves monotonically with increased doping
concentration. The undoped CBP EOD requires a driving voltage of 12.8 V to achieve 100
mA/cm2, while doping the CBP ETL with even 3 wt% Ca reduces it to 12.1 V. At 11 wt% Ca the
voltage drops to 5.3 V, and falls further to 4.6 V at 20 wt% Ca. This represents a voltage reduction
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of 8.2 V compared to the undoped EOD.

Figure 5.2 (a) J-V characteristics of EODs with undoped CBP and 3-20 wt% Ca-doped CBP ETLs. (b)
Evolution of EOD operating voltage at 50 mA/cm2 as a function of Ca concentration.

As was argued for Ca-doped BPhen in Chapter 3, these results are explained by facile
electron transfer from the Ca dopant to the CBP host increasing the conductivity of the ETL. Free
electrons shift the Fermi level of CBP up towards its LUMO level [132]. This creates a depletion
region at the interface between the CBP ETL and the Al cathode due to band bending. The width
of the depletion region can be reduced to such an extent that, at a sufficiently high doping
concentration, electrons can be injected from the cathode via tunneling. Thus the markedly better
J-V characteristics for EODs doped with Ca above 6 wt% are due to improved electron transport
within the ETL itself and enhanced electron injection into the layer. Effective n-type doping is
particularly important for a CBP homojunction device because, while CBP is an ambipolar charge
conductor, its hole mobility is far higher than its electron mobility [170-172]. This is confirmed by
the higher driving voltage required for the undoped EOD than for the undoped HOD.
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One argument advanced in support of using Ca to dope the BPhen ETL in Chapter 3 is that
a sufficiently high doping concentration reduces the width of the depletion region to the point that
electrons can be efficiently injected into the ETL without the need for the standard LiF EIL. This
allowed for a simplified device structure and fabrication process without any decrease in device
performance. To test if this could be applied to CBP homojunction OLEDs, CBP HODs doped
with 10 wt% MoO3 with and without a MoO3 HIL were fabricated, and CBP EODs doped with 6
wt% Ca with and without a LiF EIL were fabricated. Their J-V characteristics are displayed in
Figure 5.3.

Figure 5.3 J–V characteristics of 10 wt% MoO3-doped CBP HODs and 6 wt% Ca-doped CBP EODs with
(solid lines) and without (dashed lines) a charge injection layer.

For the HODs, the difference between the doped CBP HOD and the undoped CBP HOD JV characteristics is indistinguishable. For the EODs, the inclusion of a LiF EIL offers a minimal
improvement that is not likely to be worth the additional fabrication complexity and material cost
it requires. Therefore, both the EIL and HIL can safely be eliminated from the proposed p-i-n CBP
homojunction OLEDs with minimal performance impact. Higher doping concentrations may lead
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to charge scattering and exciton quenching; accordingly, it is prudent to use 10 wt% MoO3 for ptype doping and 6 wt% Ca for n-type doping to ensure efficient carrier injection without causing
doping so heavily as to introduce undesirable side effects [170-173].
The successful doping strategies described above were employed to fabricate CBP
homojunction blue OLEDs based on a simplified p-i-n structure. Three OLEDs referred to as
OLED A, B, and C, which differed only in the doping profiles within their HTL and ETL, were
fabricated for comparison. OLED A had the entirety of its HTL doped with 10 wt% MoO3 and the
entirety of its ETL doped with 6 wt% Ca. OLED B had 30 nm of its 40 nm ETL and HTL doped
at the same respective concentrations. The 10 nm portion of the ETL and ETL adjacent to the EML
were left as undoped CBP spacer layers. OLED C had 25 nm of its 40 nm ETL and HTL doped
while the undoped spacer layers were increased to a thickness of 15 nm. In addition, an OLED
with a modified structure was also fabricated for the sake of comparison and denoted as OLED D.
It used the same layer thicknesses as OLED B, but replaced the undoped CBP spacer on the p-type
doped side with 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) and replaced the undoped
CBP spacer on the n-type doped side with 1,3,5-tris(2-N-phenylbenzimidazolyl)-benzene (TPBi).
These layers acted as electron and hole blocking layers, respectively, to improve charge
confinement within the EML. Schematics of the generalized layer structure and corresponding
energy band alignments of the OLEDs can be seen in Figure 5.4.

78

Figure 5.4 (a) Layer structure and (b) energy level alignment of the homojunction CBP OLEDs, with
CBP spacer layers that varied in thickness from 0 to 15 nm. (c) Layer structure and (d) energy level
alignment of the OLED with the spacer layers replaced with TAPC and TPBi carrier blocking layers.
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The J-V characteristics of the three homojunction OLEDs can be seen in Figure 5.5.
Consistent with the OLED data reported in Chapter 4, OLED A with the fully doped charge
transport layers exhibits the best characteristics. It has the lowest turn-on voltage of the three
devices and requires just 7.9 V to achieve a current density of 20 mA/cm2. OLED B requires higher
driving voltage to reach 20 mA/cm2 at 8.3 V while OLED C requires even higher driving voltage
at 8.9 V. This result confirms the conclusion drawn from the single-carrier device data, which
suggests that both Ca and MoO3 act as effective n- and p-type dopants respectively in CBP.

Figure 5.5 J-V characteristics of three homojunction blue OLEDs (A, B, and C) with x nm undoped/(40x) nm doped CBP HTL and ETL, where x = 0, 10, and 15 nm in OLED A, B, and C, respectively.

All three of the homojunction OLEDs exhibit the typical electroluminescence expected
from the blue-emitting BCzVBi dopant [174], as seen in Figure 5.6. The spectra consist of a
primary blue emission peak at 483 nm and a smaller secondary blue emission peak at 450 nm. The
CIE coordinates were mapped to (0.15, 0.23) at 5 mA/cm2 and showed minimal change in response
to a change in the applied current.
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Figure 5.6 Normalized EL spectra of homojunction blue OLED A and B recorded at 5 mA/cm2.

The luminance-current density (L-J) characteristics of the three homojunction OLEDs and
the heterojunction OLED are given in Figure 5.7. OLED A performs the worst of all four devices,
with a luminance of just 1244 cd/m2 at a current density of 50 mA/cm2, corresponding to an
external quantum efficiency (EQE) of ~1%. The luminance and EQE of OLED B at 50 mA/cm2
are both 25% higher at 1566 cd/m2 and ~1.25% respectively. In agreement with the OLED data
presented in Chapter 4, this suggests that OLED A with fully doped charge transport layers suffers
a significant exciton quenching effect in the EML due to its direct contact with the doped layers
[174-178]. This effect is significantly attenuated in OLED B with the introduction of the 10 nm
undoped CBP spacer layers on either side of the EML. Increasing the undoped CBP spacer layer
to 15 nm in OLED C produces further improvement, with its luminance and EQE at 50 mA/cm2
being 35% better than those observed in OLED A at 1680 cd/m2 and ~1.35% respectively. The
luminance data of OLED D is included in Figure 5.7 for comparison. As expected, the performance
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of the OLED was significantly improved by inserting carrier blocking layer on both sides of the
EML. The brightness of OLED D at 50 mA/cm2 is almost doubled compared to OLED A.

Figure 5.7 L-J characteristics of three homojunction blue-emitting OLEDs (OLED A, B, and C)
compared to heterojunction OLED D.

Figure 5.8 shows the current efficiency of the three homojunction devices vs. luminance.
At a luminance of 1000 cd/m2, OLED A has a current efficiency of 2.0 cd/A, OLED B has a current
efficiency of 3.1 cd/A, and OLED C has a current efficiency of 3.3 cd/A, an improvement of 32%
over OLED A. OLED D benefits from more efficient charge and exciton confinement and exhibits
higher current efficiency than the homojunction OLEDs, reaching as high as 6.1 cd/A at 1000
cd/m2, an improvement of 84.8% compared to OLED C. Despite being less efficient than
heterojunction OLEDs, the homojunction blue OLEDs enjoy the advantages of a much simpler
structure and fabrication process. They are also more reliable, as demonstrated in the stressing test
below.
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Figure 5.8 Current efficiency plotted against luminance for three homojunction blue-emitting OLEDs
(OLED A, B, and C).

Reliability testing was done to compare the best of the homojunction OLEDs to a
heterojunction OLED. Homojunction OLED C was used while the heterojunction OLED had a
structure of 40 nm NPB/30 nm CBP:BCzVBi (10 wt%)/40 nm TPBi/0.5 nm LiF/100 nm Al. The
layer structure and energy level alignment of the heterojunction OLED can be seen in Figure 5.9.
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Figure 5.9 (a) Layer structure and (b) energy level alignments for the heterojunction OLED used for
comparison in reliability testing.

Both OLEDs were subjected to stressing at a constant current density of 50 mA/cm2. The
evolution of the normalized luminance and the voltage required to maintain 50mA/cm2 over time
is shown in Figure 5.10. The heterojunction OLED displays a much higher initial luminance at
2790 cd/m2 compared to the homojunction OLED at 1680 cd/m2. The turn-on voltage of the
heterojunction device is about 0.2 V lower than that of the homojunction device, which is
indicative of the better charge transport properties of NPB and TPBi compared to CBP [179-181].
However, the homojunction device was found to perform significantly better over time.
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Figure 5.10 Evolution of the normalized luminance (left) and voltage (right) of homojunction (solid red
lines) and heterojunction (dashed blue lines) blue-emitting OLEDs stressed at 50 mA/cm2.

Both OLEDs exhibit the anticipated stretched exponential decay in luminance, but with
different decay rates. The half-life of an OLED is defined as the time required for the luminance
to decline to 50% of its initial value. For the heterojunction OLED the half-life is just 1.0 hours,
while the homojunction OLED has a much higher half-life of 3.1 hours. Further, the homojunction
OLED exhibits a smaller rise in voltage required to maintain 50 mA/cm2 than the heterojunction
OLED. In fact, after 3.5 hours of current stressing the heterojunction OLED requires a higher
driving voltage in absolute, unnormalized terms. This comparative reliability study confirms
previous findings by our group and others that the accumulation of charge carriers and excitons at
heterojunction interfaces due to the energy level misalignment causes localized heating, which is
known to be highly detrimental to OLED performance and a key contributor to OLED degradation
during long-term operation [142-143, 182-184]. The vulnerable heterointerfaces were absent in
the homojunction OLED. This along with the benefit of using stable n- type Ca and p-type MoO3
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dopants, leads to a prolonged device lifetime in the inorganically doped p-i-n homojunction OLED.
Once again, direct comparisons can not be made to previously reported devices. Even so, taking
into account the high current stressing to which these devices were subjected, the results are
comparable to past results published by our research group and others [181, 185-186].
The results are broadly summarized in Table 5.1. While the heterojunction OLED offers
higher current efficiency and initial luminance, its lifetime is far surpassed by homojunction OLED
C. Additionally, the heterojunction OLED comes with the downside of a more complex and
expensive fabrication process. It may be worthwhile to investigate the use of even thicker spacer
layers in the homojunction devices, as the trend seems to be that current efficiency and luminance
improve as spacer layer thickness increases.
Blue CBP p-i-n Homojunction OLEDs
Initial
Doped ETL
Spacer Thickness CE at 1000 cd/m2 Luminance L50 at 50 mA/cm2
OLED
Thickness (nm)
(nm)
(cd/A)
(cd/m2)
(hrs)
A
40
0
2.0
1240
N/A
B
30
10
3.1
1500
N/A
C
25
15
3.3
1680
3.1
Blue heterojunction OLED
6.1
2790
1
Table 5.1 Summary of characterization results for blue homojunction and heterojunction OLEDs.

5.4 Conclusions
In conclusion, the viability of a highly simplified p-i-n homojunction OLED design was
investigated. First it was shown that ambipolar CBP could be effectively doped n-type with Ca by
fabricating several EODs with varying Ca concentration levels. The onset of efficient electron
tunneling from the Al cathode to the CBP:Ca ETL was first observed at a concentration of 6 wt%
Ca. It was then shown that CBP could be effectively doped p-type with MoO3 by fabricating
several HODs with varying MoO3 concentration levels. The onset of efficient hole tunneling from
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the ITO anode to the CBP:MoO3 HTL was first observed at a concentration of 10 wt% MoO3. In
both cases, at these sufficiently high doping concentrations the injection of charge carriers was
improved such that the LiF EIL and MoO3 HIL could be removed to allow for a further simplified
device structure with minimal impact on device performance.
Three p-i-n homojunction CBP OLEDs were then fabricated using a single layer of CBP
doped n-type with 6 wt% Ca to define the ETL, doped p-type with 10 wt% MoO3 to define the
HTL, and doped with 15 wt% BCzVBi to define the intrinsic blue-emitting EML. The devices had
undoped CBP spacer layers of 0 nm, 10 nm, or 15 nm separating the doped portion of the charge
transport layers from the EML. It was found that an undoped spacer layer was needed to prevent
exciton quenching caused by direct contact between the EML and the doped portion of the charge
transport layers. OLED C with the largest spacer layer thickness exhibited the worst J-V
characteristics but the best J-L characteristics, current density, and EQE of the homojunction
OLEDs. The electroluminescence spectra of the devices were not found to be sensitive to the
doping profile of the charge transport layers or the applied current density.
The homojunction OLEDs performed worse than heterojunction OLEDs based on the same
blue emitter due to the lack of exciton confinement. While the heterojunction OLED exhibited a
lower turn-on voltage and higher initial luminance, the homojunction OLEDs exhibited a half-life
three times longer and a far slower increase in driving voltage over time. This confirmed previous
findings that charge and exciton accumulation at heterojunction interfaces due to misaligned
energy levels is a significant contributor to OLED degradation over time. Though the
homojunction OLEDs do exhibit lower initial performance compared to heterojunction OLEDs,
their improved stability and far simpler fabrication process hold promise for implementation as
part of longer-lasting blue OLEDs.
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6. Chapter 6 Conclusions and Future Work
This dissertation has focused on studying the feasibility of Ca as an alternative to alkali
metals for use in doping organic semiconductors n-type to improve the performance of OLEDs.
Improved reliability and simplified device fabrication were metrics of particular interest. First,
electron-only devices with Ca-doped electron transport layers were fabricated and characterized
to assess the viability of using Ca to dope three electron transport materials n-type. It was found
that BPhen could be effectively doped with Ca, and that both its initial electrical characteristics
and reliability over time were improved. Second, these results were extended to full OLED devices
with a Ca-doped BPhen ETL which exhibited better performance and reliability than their undoped
counterparts. The use of an undoped BPhen spacer layer to isolate the emissive layer from the
doped portion of the ETL suppressed exciton quenching and improved the efficiency. Finally, Ca
was used to dope a CBP ETL n-type as part of a highly simplified CBP homojunction p-i-n OLED.
While OLEDs utilizing the homojunction structure performed worse in initial testing than a
heterojunction OLED, they offer far better lifetimes and a fabrication process that is much cheaper
and simpler.
The primary results of this research project can be summarized as follows:

1. Ca as an n-type dopant in organic semiconductor (Chapter 3)
(i) EODs were fabricated using three different ETMs: Alq3, BPhen, and TPBi, one set coevaporated with Ca and one set not. Only BPhen was found to be effectively doped n-type with Ca
due to its low-lying LUMO level relative to the Fermi level of Ca, which allowed for facile electron
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transfer without significant back electron transfer. The other ETMs suffered from the formation of
a large number of electron traps and gap states which severely degraded the material and caused
exciton quenching.
(ii) Operating voltage of EODs with Ca-doped BPhen ETLs decreased monotonically as
Ca concentration increased up to 11.5 wt%, with 4.1 wt% Ca marking the onset of both improved
electron transport within the BPhen layer and improved electron injection from the cathode via
tunneling. Further, current stressing showed that Ca is a stable dopant in BPhen that produces
longer lifetimes than devices with undoped BPhen ETLs.
(iii) At the critical concentration value of 4.1 wt%, it was shown that removing the LiF
electron injection layer had a minimal impact on performance. This allows for a simplified device
structure, and therefore cheaper and simpler fabrication.

2. Blue fluorescent OLEDs with a Ca-doped ETL (Chapter 4)
(i) OLEDs with Ca-doped BPhen ETLs exhibited markedly lower turn-on voltage, longer
lifetime, and higher luminance than OLEDs with an undoped BPhen ETL without any effect on
the emission spectrum.
(ii) L-V data revealed that doping the full thickness of the ETL caused a significant
quenching effect, along with a much lower turn-on slope and worse current efficiency. This effect
is caused by the creation of cationic radical electron traps and BPhen-Ca2+ complexes which
undermine device performance via exciton quenching. This was rectified by introducing an
undoped BPhen spacer layer between the EML and the doped portion of the ETL to avoid direct
contact between the two.
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3. Homojunction blue fluorescent OLEDs with inorganically doped ETL and HTL (Chapter 5)
(i) CBP homojunction p-i-n OLEDs were fabricated using MoO3-doped CBP to define the
HTL, BCzVBi-doped CBP to define the intrinsic EML, and Ca-doped CBP to define the ETL.
Undoped CBP spacer layers of varying thickness were used on either side of the EML to separate
it from the doped portion of the charge transport layers and prevent the associated exciton
quenching. A spacer of 15 nm produced the best overall performance of the homojunction OLEDs.
(ii) Heterojunction OLEDs were fabricated for direct comparison. The heterojunction
OLEDs exhibited better initial performance than all of the homojunction OLEDs, due in large part
to the improved exciton confinement by the additional charge barrier layers. However, the best
homojunction OLED performed much better in reliability testing with a half-life three times larger
than the heterojunction OLED and a slower increase in driving voltage over time. This confirmed
previous findings that suggest charge and exciton accumulation at heterojunction interfaces due to
poor energy level alignment contributes significantly to OLED degradation over time via localized
heating. With improved lifetime and reduced complexity in device design and fabrication, the
inorganically doped p-i-n homojunction OLEDs offer a compelling alternative to conventional
heterojunction OLEDs.
In summary, we have proved Ca to be an effective n-type dopant in BPhen and CBP, leading
to remarkable voltage reduction and reliability improvement of organic devices due to improved
electron transport and electron injection via tunneling. Three Ca compounds were also investigated
for use as precursor materials, but they did not produce effective n-type doping in BPhen since
they could not be thermally decomposed into atomic Ca. Blue fluorescent OLEDs with a Ca-doped
BPhen ETL were fabricated and found to exhibit lower voltage, higher luminance, and longer
lifetime compared to their undoped counterparts. Stressing tests showed that the Ca dopant is stable
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in the BPhen matrix. Compared with multilayer p-i-n heterojunction blue OLEDs having the same
EML, p-i-n CBP homojunction blue OLEDs exhibited 3x longer lifetime under high current
stressing due to the lack of vulnerable heterointerfaces.
Our study successfully demonstrated an alternative to alkali metals that may be evaporated
without special care and incorporated into organic materials with a low-lying LUMO level as a
stable and effective n-type dopant. This is a particularly important development due to the
diffusivity, reactivity, toxicity, and cost associated with the commonly used alkali metals. The use
of Ca doping in a stable, inorganically doped p-i-n homojunction structure combined with a blue,
fluorescent emitter produced results that are highly promising for long-lived blue OLEDs that offer
longer operating lifetimes with simpler fabrication processes.
Future work will focus on finding new materials to further improve device performance and
simplify fabrication. Ca compounds that can produce atomic Ca through thermal decomposition
and are easier to work with and less vulnerable to oxidation than pure Ca will be explored for use
in the vacuum evaporation process. Potential precursor compounds include CaSO4, and CaI2. It
may also be worthwhile to investigate whether the previously investigated compounds (CaCO3,
CaF2, and CaCl2) can react and decompose in other organic hosts upon deposition and thus
contribute to doping.
New host materials for making more efficient and more reliable p-i-n homojunction blue
OLEDs will be explored and studied. The materials should have a low-lying LUMO like BPhen
and CBP, so they can be doped with Ca to n-type. Ideally, they can also be doped with transition
metal oxides for improved p-type conductivity. More importantly, the materials should have better
ambipolar properties with more balanced electron and hole transport capability than CBP. In this
case, even without effective carrier confinement as in heterojunction OLEDs, excitons are mainly
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formed and recombined in the EML, leading to efficient light emission from the homojunction.
It would also be worthwhile to investigate the processing of Ca-doped organic thin films using
solution-based methods. Such methods are preferable to vacuum thermal evaporation for some
commercial applications because of their cost efficiency, mechanical flexibility, simplicity, and
scalability for larger throughputs and panel sizes [187-189]. Alkali metals have been used to some
success in solution-processed already [190-191]. Successful realization of Ca-doped organic films
and devices by solution processing would represent a significant step toward the use of Ca dopants
in commercial OLED products.
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